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ABSTRACT 

Background 

No single clinical assessment tool or qualitative classification system addresses the whole 

multidimensional nature of function in children with unilateral CP. Adequate treatment planning 

and follow-up is essential to improve hand function and thus independence in life in CP 

patients. Objective measures on UL function are necessary to make therapeutic decisions, 

follow the effectiveness of treatment in time and predict outcome. 3DMA is a powerful tool to 

assess the UL motion objectively in all DoFs. To this date, no consensus is found on the tasks, 

parameters and statistical analysis to obtain this objective information. A standardized protocol 

is necessary for producing comparable objective measures.  

Method 

The protocol proposed for the flexion and extension of the wrist was executed in 12 patients 

with unilateral CP and 12 age-matched TD children. There was no time to make a statistical 

analysis but a severely affected patient with unilateral CP and its age-matched TD child were 

compared looking at the data to set an example of the hypothesis. 

Findings 

The maximal and functional active ROM is the smallest and the degree of extension is the 

lowest for the affected hand in the CP patient in every task. For the box exercise, the lowest 

area under the absolute acceleration curve was found in the affected hand of the CP patient. 

In the pointer exercise, aberrant data was found for the smoothness parameters. The 

movements of the affected hand in the CP patient are mostly the least efficient and the least 

accurate. The forearm on the side of the affected hand of the CP patient uses the most 

movements in the wrist and elbow to obtain accurate and efficient movements. The non-

affected hand of the CP patient uses more compensation mechanisms to correct the position 

of the box, while the TD child executes the box exercise as instructed. Barely discernable 

repetitive movements are observed in the non-affected hand when the affected hand did flexion 

and extension, pointing towards pathological mirror movements. 

Interpretation  

The objective of this thesis was a first attempt to standardize an objective UL function 

assessment for kinematic analysis. When designing and executing this protocol, strengths and 

deficits were identified and suggestions for further studies are formulated in the discussion. 
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SAMENVATTING  

Achtergrond 

Geen enkele klinische beoordelingsmethode of kwalitatief classificatiesysteem behandelt het 

hele multidimensionale karakter van functie bij kinderen met eenzijdige CP. Adequate 

behandelplanning en -opvolging zijn essentieel om de handfunctie en dus de onafhankelijkheid 

in het leven van CP-patiënten te verbeteren. Objectieve gegevens voor de bovenste 

lidmaatfunctie zijn noodzakelijk om therapeutische beslissingen te nemen, de effectiviteit van 

de behandeling doorheen de tijd te volgen en de uitkomst te voorspellen. 3D 

bewegingsanalyse is een krachtig hulpmiddel om de bovenste lidmaatbeweging objectief te 

beoordelen in alle vrijheidsgraden. Tot op heden is er geen consensus over de taken, de 

parameters en de statistische analyse om deze objectieve informatie te verkrijgen. Een 

gestandaardiseerd protocol is nodig voor het produceren van vergelijkbare en objectieve 

gegevens.  

Methode 

Het protocol voor de flexie en extensie van de pols is uitgevoerd bij 12 patiënten met een 

unilaterale CP en 12 op leeftijd afgestemde normaal ontwikkelende kinderen. Er was geen tijd 

om een statistische analyse uit te voeren, maar een ernstig aangetaste patiënt met een 

unilaterale CP en een op leeftijd afgestemd normaal ontwikkelend kind werden vergeleken om 

een voorbeeld van onze hypothese te geven. 

Bevindingen 

Het maximale en functioneel actieve bewegingsbereik is het kleinst en de graad van extensie 

is het laagst in de aangetaste hand van de CP-patiënt in elke taak. Voor de oefening met de 

doos was oppervlakte onder de absolute versnellingscurve de laagste in de aangedane hand 

van de CP-patiënt. In de oefening met de laserpointer werden incorrecte gegevens gevonden 

voor de vlotheidsparameters. De bewegingen van de aangetaste hand in de CP-patiënt zijn 

meestal het minst efficiënt en nauwkeurig. De onderarm aan de kant van de aangetaste hand 

van de patiënt gebruikt de meeste bewegingen in de pols en elleboog om accurate en efficiënte 

bewegingen te bekomen. De niet-aangetaste hand van de CP-patiënt gebruikt meer 

compensatiemechanismen om de positie van de doos te corrigeren, terwijl het kind de oefening 

met de doos volgens de instructies uitvoert. Nauwelijks waarneembare repetitieve bewegingen 

worden waargenomen in de niet-aangetaste hand wanneer de aangetaste hand flexie en 

extensie deed, wijzend op pathologische spiegelbewegingen. 
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Interpretatie 

Het doel van de thesis was een eerste poging om een objectieve bovenste lidmaatfunctie 

beoordeling te standaardiseren voor kinematische analyse. Bij het ontwerpen en uitvoeren van 

dit protocol zijn sterke punten en tekortkomingen in de discussie geformuleerd. 

 

1. INTRODUCTION  

1.1 CEREBRAL PALSY 

1.1.1 Definition 

An international group led by Rosenbaum & Bax worked on the most unifying definition of this 

disease. CP describes a group of permanent disorders of movement and posture, attributed 

to non-progressive disturbances that occurred in the developing fetal or infant brain. The 

primary disorders of CP can lead to disturbances of motor control caused by hypertonia, 

weakness and muscle agonist/antagonist imbalance. Secondary musculoskeletal problems 

can develop, such as bony deformities, shortening of the muscles and scoliosis. Other primary 

lesions are disturbances in sensation, perception, cognition, communication, behaviour and 

epilepsy (1, 2). Depending on the extent of the lesion, a heterogeneous clinical presentation is 

observed. It is important to stress that CP is not a diagnostic, but a descriptive term (1). 

1.1.2 Physiology 

Knowledge of the time course and processes of corticospinal tract system development and 

plasticity is essential both for a better understanding of current rehabilitation treatments and 

for designing new strategies for the treatment to avoid sustaining damage to the corticospinal 

tract system early in life (3). 

The corticospinal system is the principal motor system for controlling voluntary movements. By 

birth, the brainstem motor systems -responsible for involuntary movements- are well 

developed, but the corticospinal system still needs maturation. Thereby, a transition from 

involuntary to voluntary movements needs to be made after birth. Refinement of the 

corticospinal terminations is most critical during childhood and includes both elimination of 

transient terminations and growth to new targets. It is based on neural activity (activity– and 

use- dependent development) and thence, the most active terminals can secure more synaptic 

space than their less active counterparts (4-6). Due to this “competition” for neural space, the 

ipsilateral projections are gradually withdrawn, whereas the contralateral projections are 

strengthened (5).  
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Corticospinal tract axons descend starting from specific regions of the subcortical, brain stem 

and white matter and reach the medulla by 8 weeks PCA. The direction of descent is based 

on pathfinding by tissue molecular cues. A small group of ‘pioneer’ axons leads the way into 

the cord, later followed by further population of this fragile basic tract. Decussation will occur 

before 15 weeks PCA and corticospinal axons reach the lumbar enlargement at 18 weeks 

PCA. Next, axons progressively innervate the grey matter so that there is innervation of spinal 

neurons before birth (3). By the 20th week PCA, the projections enter a period of 

synaptogenesis with target cells at the spinal segmental level (5). After 40 weeks PCA, the 

corticospinal axons begin to express neurofilaments and undergo myelination (3). Functional 

monosynaptic corticospinal projections to motor neurons and spinal interneurons are 

established prenatally during the final trimester of pregnancy (3, 6).  

The termination pattern present in early development is more extensive than the one later in 

development and in maturity. This is due mostly to the elimination of transient terminations (3). 

Besides this elimination, corticospinal axon terminals grow fine terminal branches and synaptic 

axon varicosities (boutons) over a protracted period. At first, these synaptic boutons do not 

contain a lot of synaptic vesicles. As the corticospinal tract gets more mature, a broad network 

of local branches at the axon and a higher density of synaptic vesicles induce a stronger 

postsynaptic response (3, 6).  

During development, the corticospinal terminations are both extensively originating ipsilateral 

and contralateral from each half of the cortex. The axon branches from each half of the brain 

are crossing the spinal cord twice, once in the medullary pyramid (called the pyramidal 

decussation) and then in the cord. Normally, during maturation, most of the ipsilateral 

terminations get eliminated by the more active contralateral terminations (4). Approximately 8 

to 15% of the corticospinal tract has uncrossed axons, which supports the conclusion of the 

diminishing ipsilateral tracts in normal maturation (3).  

1.1.3 Brain plasticity and pathophysiology  

Brain lesions which occur during development interfere with the innate development of the 

architecture, connectivity and mapping of functions (3, 6). During critical periods such as the 

perinatal period, short periods of relative inactivity of the motor cortex, induced by ischemia or 

seizures, can lead to permanent plastic changes in development of the motor cortex and 

corticospinal projections (3). It is now increasingly appreciated that the corticospinal system is 

capable of substantial reorganization after lesions, which is likely to underlie the partial 

recovery of function (3, 5). Understanding the development of plasticity of the corticospinal 

system is likely to lead to treatments and interventions that maximize the functional outcome 

for CP patients (3). Although neural plasticity in response to damage is critical to augment 
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recovery from neurological insults, it is misleading to treat the underlying mechanisms as self-

reparative (6).  

Functional and anatomical evidence supports the view that spontaneous plasticity can be 

potentiated and shaped by activity (3). Due to maturation as discussed above, larger 

postsynaptic responses are induced. The stronger the facilitation gets with increasing age, the 

easier the motor cortex can produce movement with lower levels of activity (4). Secondly, the 

topographic organization of this map shifts. The motor map initially only represents proximal 

muscles, evolving to one that represents all forelimb joints and muscles. Finally, a high 

percentage of sites in the motor map produce effects at multiple joints, with a proximal to distal 

progression (4).  

The pre- and perinatal period is the most common time for brain damage to occur (6). It is 

particularly in this perinatal period competition between the ipsi- and contralateral projections 

takes place. There is a disadvantage for the projections coming from the damaged hemisphere 

because of its impaired neural activity (5). The reduced activity in the damaged hemisphere 

leads to increased withdrawal of its surviving contralateral corticospinal projections, because 

their terminals have been replaced by the more active ipsilateral projections of the undamaged 

hemisphere (3, 6). These projections can at least partially rescue motor abilities in the affected 

hand. Many patients show a useful grasp function, and some can even perform individual finger 

movements due to these ipsilateral projections. The earlier a brain lesion occurs during 

development, the better the affected hand function will be (5).Thus, the degree of motor 

impairment suffered after perinatal stroke depends not only on the extent of the acute loss of 

corticospinal projections from the initial insult, but also on the degree to which the surviving 

corticospinal projections are later replaced (6). If a lesion occurs later in life, ipsilateral transient 

terminations will be long gone, so they cannot compensate for the lesion. However, abnormal 

ipsilateral projections cannot access the cortical and subcortical networks required for effective 

arm and hand control, essential for space perception, the planning of movements and the 

guidance of actions (6). The afferent sensory projection from the affected arm always remains 

directed to the contralateral infarcted hemisphere (6).  

Due to the fact that children with unilateral CP have a reorganization in the corticospinal tract, 

mirror movements occur (7). Mirror movements are described as ‘involuntary movements of 

one body part that mirror voluntary movements of the contralateral homologous body part’ (7, 

8). Physiological mirror movements are present in newborn infants, which decrease between 

5 – 8 years and eventually disappear after 10 years due to maturation of the corpus callosum 

and effective interhemispheric inhibition (7). Children with unilateral CP are likely to develop 

mirror movements in the non-affected hand rather than in the affected hand. Two different 
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mechanisms are underlying. Mirror movements in the affected hand arise since the intact 

hemisphere is controlling both hands (the affected hand through ipsilateral connections and 

the non-affected hand through contralateral connections). Mirror movements in the non-

affected hand are explained by the ipsilateral sensorimotor impairments of the affected hand. 

The lack of interhemispheric inhibition leads to motor overflow causing mirror movements in 

the non-affected hand (8). Mirror movements have generally been associated with more 

severe impairments, early (periventricular) lesions and an important relationship with bimanual 

skills and mirror movements in the non-affected hand has been reported (7).  

Martin et al. concluded that animals that were prevented to use one limb showed similar 

morphological changes as when a lesion occurs in one hemisphere. When the limb was used 

again later in development, animals lost the ability of spatial planning in movements. Both 

activity blockade and limb disuse do result in a loss of corticospinal terminal postsynaptic 

space. Unfortunately, these neurons will never catch up when animals start using their limb 

again, meaning that a short-term manipulation has a long-term consequence (4). The same 

accounts for CP; without robust early intervention after perinatal trauma, it will remain at a 

competitive disadvantage, producing permanent disability (3, 4). 

Not only a reduction can change the pattern of the axons, it works bidirectional. Instead of 

blocking the neurons, a stimulation of the developing transient ipsilateral corticospinal neurons 

enhances the competitive advantage resulting in persistence of these ipsilateral neurons (4).  

The consequences of a progressively diminishing contralateral corticospinal projection from 

the infarcted hemisphere over the first 18 months after birth would explain why the signs of 

unilateral CP are often not established until well into the second year of life and also why 

there’s a loss of previously acquired motor skills observed in some children (6). These findings 

stress the importance of early therapeutic intervention. 

1.1.4 Epidemiology 

CP is the most common cause of physical disability in childhood with a prevalence of 2.1 per 

1000 live births worldwide (9, 10). In Europe, the prevalence is between 1,5 – 3 per 1000 live 

births (2). In susceptible premature infants the prevalence can rise up to 100 per 1000 live 

births, for those born before 28 weeks gestational age (1). Unilateral spastic CP is a common 

form of CP (11), accounting for 36% of CP cases or 0.6 – 0.8 per 1000 infants (1, 12). The 

other common forms are bilateral spastic CP with a prevalence of 1.2 – 1.5 per 1000 infants 

and bilateral dystonic CP with a prevalence of 0.15 – 0.25 per 1000 infants (1). 

In childhood, the motor cortex and/or the corticospinal tract is a common site of damage and 

the prenatal or immediately perinatal period is the most common time for brain damage to 

occur (4).  
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1.1.5 Clinical presentation 

General 

There is a massive variance in clinical presentation and range of disability observed in 

individuals with CP. The impact of the lesion depends on its site and severity. Besides the 

disorders in muscle tone, motor control and posture, there is a focus on developmental and 

clinical comorbidities such as communication, behaviour, epilepsy, feeding problems, gastro-

esophageal reflux and infections Because of the large variance in clinical presentation, 

movement disorders are devised by distribution, severity, motor pattern and by accompanying 

comorbidity (1). The accompanying comorbidity will not be discussed further.   

Distribution 

There are different areas of the patient that can be affected. For spastic CP, a distinction is 

made between unilateral CP (hemiplegia) and bilateral CP, divided in diplegia (more leg 

involvement than arms) and quadriplegia (all four limbs and torso, hereby losing axial stability) 

(1). Dyskinetic CP can be further subdivided in dystonic or athetoid CP. The clinical expression 

of these subgroups is further explained. The last group contains ataxic CP (13, 14). 

Positive & negative symptoms of the upper motor syndrome  

The positive symptoms are due to velocity dependent increase in tonic stretch reflexes causing 

hypertonia and spasticity. Hypertonia is a result of the disinhibition of the spinal reflex arc due 

to inhibitory GABA suppression, causing muscle over activation. The negative symptoms of 

the upper motor syndrome are caused by reduced motor activity leading to weakness and poor 

selective motor control, which is more disabling for the patient than the hypertonia (1, 15). 

Concerning the UL, different contractures are observed: shoulder adduction, shoulder internal 

rotation, elbow flexion, wrist flexion, wrist pronation, thumb in palm, clasp hand and swan 

necking. Certain contractures coexisted, producing different patterns, the most common being 

the thumb in palm with clasp hand, shoulder adduction with internal rotation and wrist flexion 

with pronation (14). 

Dystonia 

When the basal ganglia are primarily damaged, a disturbed muscle contraction leads to 

abnormal postures frequently associated with involuntary movements. These movements can 

be further subdivided in chorea and athetosis. The term dyskinesia is used in a similar context, 

meaning a fluctuating movement pattern (14).  
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1.1.6 Diagnosis and differential diagnosis 

Presentation is generally either during neonatal follow-up with an ‘at risk history’ or from 

primary care screening for neurodevelopmental delay. Sometimes the abnormal muscle tone 

is suggested through comorbidities such as epilepsy, gastro-esophageal reflux and feeding 

difficulty. The recommendations of the American Academy of Neurology and SCPE are that 

all children with suspected CP of uncertain origin should have cerebral imaging. Differential 

diagnoses include genetic, metabolic, mitochondrial and progressive neurological and 

neuromuscular conditions. It is of the greatest importance to make sure that any progressive 

or rarely treatable form of a movement disorder is not missed and can be properly treated. For 

example, a dopamine responsive disorder resulting in dystonia, can make a huge functional 

progression with a short L- DOPA therapy (1).  

MRI is the gold standard technique to visualize the structural properties of the lesion. Due to 

intermediate stages of myelination in the first year of life, there is a decreased sensitivity in this 

period. Sensitivity increases again in the second year of life, so MRI examinations are 

preferably started after 18-24 months of age. Functional MRI demonstrates, during active 

moments of the affected hand in patients with ipsilateral projections to the affected hand, 

activation of the ”hand knob” area of the contralesional hemisphere. With modern 

neuroimaging (for example fetal MRI), more can be learned about the processes that lead to 

(re)organization which could lead to more early therapeutic interventions (5). 

Diagnosis and management of children with CP is oriented in a multidisciplinary team. This 

team consists of an orthopedist, neurologist, physiotherapist, occupational therapist, dietician, 

speech therapist, psychologist, social nurse and an engineer with expertise in gait & movement 

analysis. Initial evaluation focuses, in order of importance, on movement, posture, mobility, 

communication, comorbidities, activity of daily living, care, comfort and quality of life. 

Reassessment is important to evaluate the neurodevelopment of the child and the impact of 

intervention (1).  

1.1.7 Treatment 

Due to the protracted activity- and use- dependent development period of the corticospinal 

system, a wider therapeutic window can be provided (4, 6). The core program for any child is 

coordinated therapy, to improve function and minimize disability. Most therapies are based on 

the principles of neural plasticity, patterning, postural balance, muscle strengthening and 

stretching (1). Little can be done about the initial ‘disturbance’, so the focus of management 

lies primarily with avoiding the comorbidities and minimizing the impact of secondary 

deformities (1). Behavioural therapies – such as physical, occupational and constraint- induced 

therapy – may influence the course of development through the activity- dependent system. 
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Unfortunately, these therapies are limited in their efficacy, especially when damage is severe. 

Direct activity manipulations – such as TMS, deep brain stimulation, or by pharmacological 

means – could provide a more effective way to manipulate the activity of the developing 

corticospinal system (4). Pharmacological interventions and transplants of embryonic and fetal 

material are also likely to have important roles in the repair and regeneration of the 

corticospinal system during development (3). The medical movement therapies include oral 

medicines: 

 Anti-spasticity agents (i.e. carbamazepine, levetiracetam, diazepam) to influence high-

muscle tone. These medications have significant side effects. When there is limb 

hypertonia as well as truncal hypotonia, the latter can get worse due to the muscle 

relaxants and be more disabling (1).  

 Anti-dystonic agents (i.e. L-DOPA, trihexyphenidyl, tetrabenazine) to optimize function 

of the damaged basal ganglia by increasing the amount of neurotransmitter available, 

a more fluid movement can be gained. These agents are also used for Parkinson’s and 

Huntington’s disease (1).  

Besides oral medicines, more invasive options can be considered: 

 Botulinum Toxin A injections (i.e. Botox, Dysport, Xeomin) results in a focal relaxation 

that lasts for 3- 4 months. There is good level 1 evidence for its use on UL levels. Use 

only in children over the age of 2. Correct administration to targeted areas is possible 

when using EMG or ultrasound guidance (1).  

 Intrathecal Baclofen Pumps are used to maximize anti-spasticity benefits at the spinal 

level, with minimal cerebral side effects due to the implantable pump. Use of these 

pumps is particularly popular for young people with a severe motor disability (GMFCS 

level 4 or 5) (1). 

 Selective Dorsal Rhizotomy meaning the resection of nerve rootlets in the dorsal spinal 

root can reduce the stimulation of the spinal reflex arc. Evidence of benefit is seen 

primarily in reducing moderate to severe lower limb spasticity (GMFCS level 4 or 5). 

30% have irreversible side effects, so great consideration should be taken when 

performing this surgery (1).  

 Deep Brain Stimulation is performed in children with severe dystonic quadriplegic CP, 

implanting quadripolar electrodes in the basal ganglia of the brain. Improvement in 

dystonia is seen in 5-40% and the quality of life improves as well. Generally, this option 

is only considered if all other possibilities in treatment providing an increase in quality 

of life have failed (1).  
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 Orthopedic surgery is indicated to improve joint stabilization, restore ROM, or balance 

torque distribution across joints (15). Surgical options are: lengthening shortened 

muscle-tendon complexes, biomechanically improving lever arms or providing a stable 

base for standing/ walking. Multilevel intervention with early rehabilitation is now 

considered best practice. The gold standard assessment for any such surgery is the 

use of the formal gait analysis comprising the 3D kinematic and kinetic interventions 

(1). Tendon transfers, especially for wrist extension, can be beneficial in improving 

upper extremity joint positioning in children with spastic unilateral CP (16).  

 Stem cell therapy is by far the best therapy option. The impact of the secondary 

deformity is not only minimized, but the primary impairment itself can be addressed. An 

early intervention, while the brain still has his maximum potential of plasticity would be 

ideal. Besides the fact that this therapy is very expensive (prices start at 30.000 dollar), 

there is no reliable medical evidence on short, mid or long-term benefit in spite of 

numerous impressive individual reports (1). 

Treatment policies regarding spasticity, focus on the muscle rigidity and the hypertonia rather 

than the spasticity itself. Symptoms of weakness are far more difficult to treat (1). 

1.2 INVOLVEMENT OF THE UL IN CP 

1.2.1 Prevalence 

1.2.1.1 Involvement of the UL in CP  

The study of Arner et al. collected UL data for 367 CP patients, age 4 to 14 years. In the total 

population, 60% had more than minor problems (> MACS I). They also quantified the 

distribution of CP subtypes in the children with a MACS score more than 1. They observed that 

75% had spastic CP, 10% had dystonic CP, 3% had athetoid CP, 8% had ataxic CP and 4% 

was non-classifiable. They characterized the distribution in the spastic and ataxic subtypes of 

CP. In spastic CP, 47% was unilateral, 48% was bilateral diplegic and 5% was bilateral 

quadriplegic. In ataxic CP, 37% was simple ataxia and 63% was diplegic (13). The study of 

Makki et al. collected UL data for 100 CP patients. In their total population, 83% had UL 

involvement (> MACS I). They quantified the distribution of CP subtypes in the population with 

a MACS score more than 1 as well. They found that 61% had spastic CP, 24% had dyskinetic 

CP (they did not differentiate dystonic and athetoid CP) and 15% had other subtypes of CP 

(they did not characterize ataxic CP). In spastic CP, 20% was unilateral, 16% was bilateral 

diplegic and 25% was bilateral quadriplegic. 4% in dyskinetic CP was unilateral, 12% was 

bilateral diplegic and 8% was bilateral quadriplegic. In other subtypes of CP, 2% was unilateral, 

3% was bilateral diplegic and 10% was bilateral quadriplegic (14). Both the studies of Makki et 
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al. and Arner et al. found that spastic CP is the most prevalent subtype of CP, followed by 

dyskinetic CP and other subtypes (13, 14).  

1.2.1.2 Severity of the UL impairment  

Currently the severity of impairment of the UL in children with unilateral CP is classified using 

different clinical scales, which are explained in 1.3.2. Consequently, the prevalence of severity 

of UL involvement is expressed using these clinical scales. The study of Makki et al. and Arner 

et al. mapped the degree of severity in their population. The table below shows their findings. 

In both studies, the majority of the population of CP patients from whom their UL was affected 

(MACS > I) had a MACS II score. MACS score III to V were equally distributed. (13, 14).  

Table 1. Distribution (in %) of severity in CP patients using the MACS score. 

 

The study of Arner et al. also mapped the degree of severity in the different subtypes. This is 

listed below. For spastic CP (unilateral and bilateral diplegic) and ataxic CP, most patients had 

milder impairments. In dyskinetic, bilateral quadriplegic spastic CP and unclassified/mixed CP 

most impairments were more severe (13). 

Table 2.. Distribution (in %) of the severity in the different subtypes of CP using the MACS score. 

 Spastic CP  Dyskinetic CP Ataxic 

CP 

Unclassified or 

mixed CP 

MACS  unilateral bilateral 

diplegic 

bilateral 

quadriplegic 

   

I 19,3 18,5 0 1,3 2,4 0,5 

II 11,2 8,7 0 1,4 0,3 0,5 

III 2,7 6,3 0,3 1,1 0,8 0,3 

IV 0,1 3 0,3 3,3 0,5 0,5 

V 0 2,4 3,5 6,3 0,5 1,6 

 

1.2.2 Disability 

According to Kimmerle et al., hand function contains reaching, grasping and object 

manipulation (17). Adequate hand function is crucial for obtaining independence in daily 

MACS  I II III IV V 

Arner et al. (n=363) 42,7 22,3 11,6 8,8 14,6 

Makki et al. (n=100) 13 33 16 19 19 



 

12 
 

activities, for communication and for social contact (13). UL impairment in children with 

unilateral CP exert a negative impact on independence and quality of life (14, 18-21). In 

addition to restriction in function, concerns about the appearance of the hand may be 

experienced, particularly in older children (14). Recent studies suggest that patient satisfaction 

is more dependent on cosmetic appearance than functional outcome. Older children are more 

likely to have reduced function and are more self-conscious about the appearance of their 

hand (14).  

1.2.3 Evolution and outcome 

The study of Holmefur et al. and the study of Nordstrand et al. used the MACS score and the 

AHA score for assessment and follow-up of children with unilateral CP, since severity is 

currently expressed using clinical scales. They analyze respectively how both hands are used 

to handle objects and how effectively children use their affected hand in bilateral activities. This 

choice is justified, because the most critical issue in children with unilateral CP is how well they 

use the affected hand in collaboration with the non-affected hand (22, 23).  

In TD children, hand function develops rapidly during the first few years of their life and then 

at a lower rate until adulthood. Both studies concluded that children with unilateral CP 

increased their ability to use their affected hand in bilateral activities over time and the most 

rapid increase was also seen at a young age. However, there was large variation among the 

children regarding the highest ability level reached and the rate of development. Children with 

initially higher ability had both a higher rate and outcome of development than children with 

initially lower ability (22, 23). This conclusion is based on the observation that, when dividing 

the children into 4 groups based on their AHA at 18 months, they all reached 90% of their 

capability between 30 months and 8 years of age. Children with both high and moderate AHA 

levels reached this level at about 30 months of age but with significantly different outcomes. In 

the very low ability group, children did not reach their age-90 until about 8 years of age, while 

children with a somewhat higher ability, the low AHA level, developed at a higher rate, reaching 

90% of their capability at 46 months of age. These two AHA levels did not significantly differ in 

terms of their outcome (23). The MACS is currently only valid starting from 4 years of age and 

the stability of the MACS over time is not yet known, which makes the MACS not useful as a 

predictor for development in young children (22). The AHA at 18 months of age may be used 

to make a rough prediction of future development of affected hand use for children with 

unilateral CP (22, 23).  

The study of Nordstrand et al. concluded that in their population no substantial decline of hand 

function was observed up to 12 years of age. The length of the period of stable hand function 

varied according to the age at which children reached their age-90. For children in the high-
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functioning group, the stable period lasted for about 9 years, while for children in the very low-

functioning group a stable limit was demonstrated for only about 4 years. This sustained ability 

level is of great interest, because a decline in development has previously been reported for 

both fine and gross motor development in severely impaired children. Sometimes, contractures 

of the forearm are not commonly reported before 12 years of age, although a limited active 

ROM is present at an early age (23). The study of Fedrizzi et al. also addresses this subject. 

The study shows that as children with unilateral CP develop, they tend to acquire even greater 

skill with the non- affected hand. They increasingly neglect the affected hand, since these 

children rarely show spontaneous manipulation of the affected hand during play or ADL. This 

might be due to the presence of neuropsychological disorders related to damage of the cortical 

and subcortical sensorimotor areas, to mirror movements, or simply to the ability of the non-

affected hand to learn motor skills (21).  

1.3 ASSESSMENT OF THE UL  

1.3.1 Purpose 

It is interesting to assess the function of the affected UL in children with unilateral CP. This 

information can be used to guide treatment planning, measure the efficacy of an intervention, 

discriminate between subjects and determine the natural history of a disease process (24). 

Function of the UL has a multidimensional nature and consists of body structure and function, 

activities, participation and environmental factors. Assessment tools and classification systems 

measure different aspects of the multidimensional nature of function and not one of them 

provides the perfect assessment tool for children with CP (25). Clinicians must choose from a 

wide range of assessment tools and classification systems (24). 

1.3.2 Qualitative assessment  

Definition 

During the past 40 years many pediatric UL assessment tools and classification systems have 

been developed (24). Several classification systems or assessments are identified and the 

more frequently used systems are listed below:  

 GMFCS; The Gross Motor Functional Classification System is used clinically to 

delineate individuals with CP into five groups dependent on their level of mobility; level 

one being completely independent and level five being totally dependent (1). This 

system is not used for the UL specifically, but rather for the gross motor function of 

patients (25). 

 MACS; The Manual Ability Classification System follows a questionnaire on how well 

the child handles objects independently in daily life, with fair speed and accuracy and 
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the need to use alternative ways of performance to accomplish the task. This is rated 

on a scale of grade 0 to 5 (1, 25).  

 AHA; the Assisting Hand Assessment is developed to evaluate infants with unilateral 

disabilities from 18 months of age testing the bilateral performance in a semi-structured 

play session rated on a four-point scaling of quality (16, 25). 

 House Classification is a nine-point rating scale and evaluates how ‘functionally’ the 

impaired hand is used during everyday activity. Levels include non-use, use as a 

passive assist, active assist and spontaneous use (16). 

 Jebson-Taylor Hand Function Test & Shriner’s Hospital Upper Extremity Evaluation 

protocol are less frequently used tests than the other tests mentioned above (16). They 

are based on ADL, which does not always represent everyday use of the limb (15).  

 

Benefits and drawbacks  

There is evidence that these clinical scales are validated. The advantage of clinical scales is 

that they are standardized and easy to use. There is a high subjective component, because 

an observer visually scores the test (20, 26) and there is evidence that these clinical scales 

are not sensitive enough to detect clinically meaningful change in UL function after intervention 

(20).  

1.3.3 Quantitative assessment 

1.3.3.1 Kinematic variables 

Definition  

The neuromuscular pathology in children with unilateral CP alters UL motion. Different aspects 

of the motion can be affected (18): neuromuscular capability, movement speed, movement 

efficacy, movement efficiency, movement accuracy, movement smoothness, movement 

coordination, movement control strategy and torque production (26). 3DMA is a powerful tool 

to assess the UL motion objectively in all DoFs (18-20). Reflective markers are attached 

directly on the skin of the patient and their position is measured by opto-electronic systems. 

Joint angles, speed and acceleration profiles of the movement can be calculated from the 

marker trajectories (26). In this way, kinematic parameters quantify the aspects of motion listed 

above and provide an objective description of the UL task performance (18, 20). 

Characteristics of UL kinematics in children with unilateral CP 

The study of Mailleux et al. describes that deviant UL kinematic parameters have been 

reported in several studies in children with CP. The studies analyzed used 3DMA and showed 

that children with unilateral CP have more wrist flexion, longer movement durations, less 
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straight hand trajectories and lower maximum velocities when executing UL tasks compared 

to their TD peers (19, 20, 27). However, these results are based on small sample sizes and 

incomplete UL kinematic description. The study of Mailleux et al. mapped UL movement 

pathology in children with unilateral CP according to MACS during 3 tasks: a hand-to-head 

test, a hand-to-mouth test and a reach-to-grasp test. The kinematic parameters used were 

subdivided in global parameters (movement duration, timing of maximum velocity, maximum 

velocity and trajectory straightness) and joint specific parameters (AVS, PTA and ROM). 

Higher AVS and longer movement durations were found with increasing MACS level. Children 

with higher MACS levels also reached their maximum velocity earlier and showed less straight 

hand trajectories. Maximum velocity was not significantly different between the different MACS 

levels. Wrist flexion/extension (AVS, angle at PTA) differed significantly between MACS levels, 

with more deviating values with increasing MACS levels. They also found a significantly larger 

ROM for children with higher MACS levels during hand-to-mouth test and reach-to-grasp test 

(27). 

Benefits and drawbacks 

The obtained objective date is needed to facilitate the planning of treatment interventions and 

to make a prognosis both adapted and customized to the level of pathology of the patient (18, 

19). A lot of different methodological approaches for the UL protocol using 3DMA is seen in 

literature. No consensus is found on the collection, processing and analysis of the data (18-

20, 28), the placement of the markers, the number of trials and the tasks analyzed (18, 19, 28). 

Moreover, most of the studies only covered joint kinematics from the trunk, shoulder and elbow 

movements (19). This diversity leads to inconsistent results and makes clinical interpretation 

difficult. Practical disadvantages of this method are the need for a skilled staff, the need for a 

gait laboratory and the fact that it takes more time.  

1.3.3.2 EMG 

Definition 

Besides the mechanical aspects in clinical analysis, information about the muscular 

coordination is of clinical relevance (29). Muscle coordination is defined as “a distribution of 

muscle activation or force among individual muscles to produce a given combination of joint 

moments” and thus can be studied from surface EMG. EMG is mainly related to the neural 

output from the spinal cord and therefore also related to the number of activated motor units 

and their discharge rates (30). EMG gives the opportunity to objectively and directly measure 

the effects of the lesion in children with unilateral CP on muscular activation and structure (31). 

Children with spastic CP have a state of muscle hypertonia, and therefore altered muscle fiber 

properties can be found, measured with EMG. There is a close parallel in development of the 
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EMG activity pattern and afferent control of group I inhibition (suppression of the mono/ oligo 

synaptic stretch reflexes) and group II facilitation (increase of polysynaptic EMG responses). 

Maturation depends on supraspinal control and does not occur in CP patients (32).  

Characteristics of EMG in children with unilateral CP 

Muscle weakness is defined as the inability to generate normal voluntary force in a muscle and 

can be characterized by decreased voluntary muscle activation. Spasticity, measured as an 

increase in involuntary muscle activation during passive movement, contributes to UL activity 

limitations in CP, in addition to reduced strength. It is unclear whether spasticity or reduced 

strength is the strongest contributor to activity limitation (10).  

The co-activation value gives an indication of the amount of simultaneous activation of 

antagonist muscles. In TD children, higher levels of co-activation increase joint stability and 

joint impedance, which enhance movement accuracy (11, 31). When comparing young TD 

children and children with CP, similar results of muscle response disorganization with a high 

degree of co-activation are found (32). High intensities of mean neuromuscular activity were 

found in the distal muscles of the wrist and elbow. Children with unilateral CP show longer 

phases of eccentric and concentric activation of the flexors and extensors of the elbow joint, 

suggesting increased co-activation in the affected arm (31). 

Muscle tension is determined by the number of activated motor units as well as the pulse 

frequency conducted from neurons to muscle fibers. CP patients could not recruit high-

threshold motor units or drive low-threshold motor units to fire faster in the affected arm (12). 

Within the affected arm, higher mean power frequencies were found in the EMG signals of the 

wrist flexors rather than the extensors (12, 31). In summary, the characteristics of muscle 

properties in children with unilateral CP, which affect motor behaviour, seem to be the result 

of a complex interaction of primary neurological and secondary behavioural factors (31).  

Drawbacks of EMG 

A lot of drawbacks intrinsic to surface EMG are reported. Concerning muscle coordination, the 

three most important drawbacks are presented and discussed (30). 

 Amplitude cancellation 

It refers to the cancellation of positive and negative phases of motor unit potentials, 

which confounds the interpretation of changes in absolute EMG activity levels. 

Amplitude cancellation is enhanced with fatigue mainly because the decrease in 

muscle fiber conduction velocity increases the duration of motor unit potentials. The 

effects of amplitude cancellation can be greatly diminished by normalizing the EMG 

signal with respect to an isometric maximal voluntary contraction (30).  
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 Crosstalk 

Crosstalk is defined as a contamination of the EMG signal by a nearby muscles 

electrical activity. It is known that the amount of crosstalk depends on the thickness of 

the subcutaneous layer and the detection system. It is one of the most important 

sources of error in interpreting surface EMG, especially when EMG analysis is used for 

extracting muscle synergies. Here, crosstalk can exaggerate a positive correlation 

between muscles. Crosstalk can be reduced by proper placement of the electrodes, 

mainly in the centre of the belly of the muscle (30).  

 Spatial variability of muscle activity 

Muscle activity is not uniform over the muscle, indicating a heterogeneity in the 

distribution of the muscle fiber. Beside this heterogeneity, the relative shift of the 

electrodes during exercise and inter-subject variability of electrode placement are also 

drawbacks that could complicate the interpretation of the EMG signals. It is necessary 

to know both the intra-session variability and the inter-day variability for each muscle. 

Although the level of repeatability de 

pends on the considered muscle, good repeatability of EMG activity level and EMG 

profiles is generally reported. Lastly, due to the position of the electrodes relative to the 

innervation zone, there is a natural delay between the actual onset of myoelectric 

activity and the onset of the recorded EMG (30). 

1.4 STANDARDIZATION OF QUANTITATIVE ASSESSMENT 

1.4.1 Purpose 

As mentioned above there is a need for a standardized protocol for  an objective motion 

analysis of the UL (18-20). This will provide clinicians with comparable and reproducible 

objective results (18). The next step in a standardized UL movement analysis is incorporating 

EMG measurements, which will provide clinicians with information about muscle activation. 

This information will facilitate the understanding of the impact of the altered muscle function in 

the movement deficits of the patient (19).  

1.4.2 Difference in standardization regarding the lower limb 

The 3D analysis of the lower limb or gait analysis is perceived as the golden standard for 

decision making in lower limb surgery, treatment planning and follow-up. Transferring the 

knowledge in gait analysis to the UL is difficult due to the lack of cyclic movements, the variety 

of functions and the many DoFs of the UL. This makes the UL motion much more complex 

than the movement of the lower limb (18, 20). Consequently, designing a 3D UL movement 

analysis is complex and care should be taken in this conversion (20).  
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1.4.3 Motion analysis protocol 

1.4.3.1 Technological aspects 

Mechanical mode of joints, a definition of the joint/segment coordinate systems and marker/ 

EMG sensor set up should be defined in the protocol (28). 

1.4.3.2 Tasks 

The performance of the UL depends on the intrinsic motor ability and the nature of the task. 

The intrinsic motor ability of a person depends on several factors: the neurological system, the 

musculoskeletal system and the familiarity of the person towards the task (33). It is seen that 

motor ability of the affected hand differs between unilateral and bilateral tasks. Performing 

bilateral movements with a different temporal, spatial or postural structure of both hands 

simultaneously will result in interference. This shows that bilateral coordination cannot be 

explained by the laws of single-limb movement (34). There is a tendency for the movement of 

both arms to exchange information. Bilateral coupling assists the individual in performing 

complex tasks by reducing the DoFs to control (34, 35).  

The nature of the task depends on task constraints (33, 36) and biomechanical constraints 

(37).The effect of task constraints have been explored in goal-directed aiming tasks. Both the 

duration and the kinematic pattern vary with task constraints and biomechanical constraints 

(36). When comparing different tasks, it is important to know what parts of the kinematic 

structure is determined by the nature of the task and what deviations are due to poor motor 

ability (33). It is important to note that bilateral coupling is also dependent on characteristics of 

the task. Coupling always appears, but the degree (weak or strong), nature (both hands 

adapting or either one of the hands adapting) and type (temporal, spatial or postural) of 

coupling depends on task constraints.  

1.4.3.3 Parameters 

A clinical measure can be used to discriminate between patient groups and differences in the 

patient’s abilities, predict outcome or prognosis and evaluate the magnitude of longitudinal 

change in an individual or group (38). It is important to examine the desired discriminative, 

predictive and evaluative property of a measure before using it in a clinical setting (38). Metrics 

could be useful as evaluative measure if they fulfil the properties of validity, reproducibility 

(inter-and intra-session) and sensitivity to the change (26). To obtain repeatable parameters, 

standardization of the study set-up is important. This includes adopting reaching distance and 

height to the anthropometric measures of the child, adopting foot and back support and the 

initial position for every task (20). To obtain representative measurements and to test the 

repeatability of motion cycles, the tasks should be repeated several times. If possible, at least 
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three representative repetitions should be implemented, depending on the patient’s physical 

ability (28). 

1.4.3.4 Clinical implementation 

For clinical implementation, it is important that the tasks included in the protocol are child 

friendly, time-efficient (18, 20) and take into account the mobility constraints of the patients 

(18).  

 

2. RESEARCH QUESTION AND HYPOTHESIS  

2.1 RESEARCH QUESTION 

An essential part of making an UL protocol is to examine if the obtained objective parameters 

change when motor ability changes and if they are repeatable, valid and sensitive to change. 

Statistical analysis demonstrates if different variables differ significantly between different 

groups and can be used to verify the properties mentioned above. Due to time limitations, 

movement parameters were not statistically analyzed. Differences between a severe patient 

with unilateral CP and a TD child were described.  

2.2 HYPOTHESIS 

2.2.1 Kinematic parameters 

 Neuromuscular capability 

Assessing neuromuscular capability is done for the analytical and both functional exercises. 

The affected hand of children with unilateral CP is hypothesized to have lower values in 

neuromuscular parameters than the non-affected hand of the CP patient and the dominant 

hand of the TD child in every exercise. The latter two hands are hypothesized to have similar 

values. The neuromuscular parameters are hypothesized to be maximal in the analytical tasks 

and lower in the functional tasks in each hand since children are not forced to search their 

limits in the functional tasks. In the pointer exercise, even lower values are expected because 

only a small flexion/ extension movement is required.  

 Smoothness 

Movement smoothness is assessed for the functional exercises. The movement is 

hypothesized to be smoother for both the pointer and the box exercises in the dominant hand 

of the TD child and the non-affected hand of the CP patient compared to the affected hand of 

the child with unilateral CP.  
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 Efficiency 

Efficiency is only assessed in the pointer exercise. The movements of the affected hand in 

children with unilateral CP are hypothesized to be less efficient (i.e. trajectory straightness) 

than movements of the non-affected hand and the dominant hand of the TD child. 

 Accuracy 

Accuracy is only assessed in the pointer exercise. The movements of the affected hand in 

children with unilateral CP are hypothesized to be less accurate than movements of the non-

affected hand and the dominant hand of the TD child. 

 Compensation mechanisms of the UL joints 

Compensation mechanisms of the UL joints are assessed in the pointer task. Compensation 

mechanisms are hypothesized to occur in the UL joints on the affected side of the child with 

unilateral CP and not to be present in the non-affected side of the CP patient and the dominant 

side of the TD child.  

2.2.2 Qualitative variables 

 Compensation mechanisms with the non-affected hand 

Compensation mechanisms with the non-affected hand in bilateral functional exercises are 

hypothesized to occur in the CP patient and not in the TD child.  

 Mirror movements 

Until the age of 10, physiological mirror movements will occur both in TD children and in 

children with unilateral CP. After this age, only pathological mirror movements can occur in 

children with unilateral CP. This is expected to be seen in both the affected and the non-

affected hand in unilateral and bilateral tasks.  

2.2.3 EMG parameters 

A normal balance is expected in the TD child between agonist and antagonist muscles in the 

matching phase of muscle contraction. The extensor and flexor muscles should obtain 

sufficient co-contraction in order to stabilize the hand. Excessive antagonist muscle activation 

is expected to be found in the affected UL. It can be expected that more co-activation may be 

generated during the maneuvre because of an overactive antagonist muscle in the more 

affected arm (31).  
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3. MATERIAL AND METHODS 

3.1 INCLUSION CRITERIA 

The CP patients included in the experiment are all children with unilateral CP and are required 

to have sufficient cognitive capacities and an adequate cooperation. They may not have vision 

or hearing problems that would impair the testing. The hand function of the affected hand has 

to be at least House >4. This score implies that the patients have a decent auxiliary hand. The 

CP patients were chosen between 6-14 years and were age- and gender-matched to the 

control group. All CP patients did not undergo Botox injections or surgery in the last 6 months. 

The Ethical Committee of the University Hospital Ghent approved the protocol and all parents 

or children older than 12 provided written informed consent.  

3.2 MOTION PROTOCOL 

3.2.1 Technical aspects  

3.2.1.1 Kinematics 

The custom written UL model uses a combination of anatomically based and technical markers 

placed on the UL including on the shoulder. 

The marker set consists of:  

[L/R]LEP : Lateral epicondyle of the Humerus 

[L/R]SHL : Shoulder (directly above the glenohumeral joint centre) 

[L/R]MEP : Medial epicondyle of the Humerus 

[L/R]Hum1 : Technical Marker 1 Humerus 

[L/R]Hum2 : Technical Marker 2 Humerus 

[L/R]Hum3 : Technical Marker 3 Humerus 

[L/R]UST : Ulnar styloid 

[L/R]RST : Radial styloid 

[L/R]FA : Forearm (technical marker): one perpendicular on the middle of the line formed 

by the previous 2 markers, 3 cm more proximally.  

[L/R]FA2 : Forearm2 (technical marker): one perpendicular on the line formed by the 

markers on the styloid process of the ulna and the radius, 1 cm more radially 

than the middle of the line, 6-8 cm more proximally. 

[L/R]CMC3 : Base of metacarpal 3  

[L/R]MP3 : Distal end of metacarpal 3 

[L/R]MP5 : Distal end of metacarpal 5 

LMP2  : Distal end of metacarpal 2 
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The core of the model comprises an anatomically defined segment representing the forearm 

and an anatomically aligned segment representing the hand. The long axis of the forearm is 

defined as between the elbow joint centre (as the mid-point between the medial and lateral 

epicondyles of the elbow) and the wrist joint centre (defined as the mid-point of the lateral and 

medial aspects of the radial and ulnar styloid). The mediolateral axis of the forearm (and flexion 

extension axis of the wrist joint) is defined as running from the ulnar styloid to radial styloid 

with the 3rd segment axis perpendicular to the other two forming a right hand axis system. The 

long axis of the hand is defined as running from the distal end of metacarpal 3 to the base of 

metacarpal 3. The anterio-posterior axis of the hand is defined as perpendicular to the plane 

of MP2, MP5, MP3 and CMC3 and perpendicular to the long axis of the hand with the 

mediolateral axis perpendicular to the other 2 axes forming a right hand axis system (39). 

A static trial is used to capture the position of the epicondyle, elbow joint centre and shoulder 

markers in a technical segment formed from HUMP1, HUMP2 and HUMP3 markers on the 

humerus since the skin movement over the elbow and shoulder is judged to be too large to 

place markers used in dynamic trials (39). Forearm makers are found unsuitable for tracking 

the elbow joint centre due to the pro and supination of the forearm. 

The position of MP3 in a technical segment formed from the markers MP2, MP5 and CMC3 

on the hand is also established in the static trial. This allows removal of MP3 and improves the 

chance of tracking MP2 and MP5. They are otherwise physically close to MP3 and become 

confused with it, despite the use of 3mm diameter hemispherical markers on the hand and 

wrist. 

In the dynamic trials ‘virtual’ markers at the elbow joint centre, medial and lateral epicondyles 

and shoulder are invented from their previous defined coordinates, derived from the static trial, 

within the technical humerus segment. Similarly MP3 is reconstructed from its static trial 

derived coordinates with the technical hand segment. The wrist joint centre is calculated from 

the mid-point of radial and ulnar styloid markers. 

The wrist joint angles are derived using the joint co-ordinate system described by Grood and 

Suntay (1983). The flexion extension axis is fixed in the forearm and the long or rotation axis 

is fixed in the hand with the radial and ulnar deviation axis floating perpendicular to both the 

flexion extension and in/external rotation axis (40).  
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3.2.1.2 EMG electrodes 

EMG electrodes are placed bilaterally on the: 

 M. Flexor Carpi Ulnaris: the electrodes are centered around the proximal 1/3-point on 

a line drawn from the posterior portion of the medial epicondyle (groove between the 

medial epicondyle and the olecranon process of the ulna) to the posterior portion of the 

styloïd process of the ulna. 

 M. Extensor Carpi Radialis: with the forearm fully pronated, a line is extended from the 

lateral end of the elbow crease to the middle of the wrist. The electrodes are centered 

on this line around the 1/3 point (straight up the middle of the forearm). 

   

Picture 1 & 2. Note that in the first picture, the surface electrodes are placed on the M. Extensor Carpi 
Radialis. In the second picture, the surface electrodes are placed on the M. Flexor Carpi Ulnaris. The 
markers FA2 and MEP are visible in the second picture. 

3.2.2 Set-up 

3.2.2.1 Localization 

 A motion capture system consisting of 24 x 16 M pixel infrared cameras with pulsed infrared 

strobes (V16® Camera from VICON™ Motion Systems Oxford UK) was used to track retro-

reflective markers. These markers were placed on the skin of the subjects at locations defined 

in the UL model used in the study. 3D data was sampled at 100 frames per second. Data 

capturing and processing was carried out in Nexus® 2.6.1 software (VICON™ Motion Systems 

Oxford UK) with the custom UL model written in BodyLanguage® (VICON™ Motion Systems 

Oxford UK) implemented as a plug-in script within Nexus. The processed data were visualised 

in Polygon® 4.3.3 (VICON™ Motion Systems Oxford UK) with additional data analysis and 

processing/collation carried out in Microsoft Excel® (2010). EMG data were collected using 

miniature re-usable bipolar surface electrodes (Gerionics™ Inc USA) in conjunction with 

wireless EMG amplifier units (Trigno® EMG system, Delsys™ Inc USA). Electrode placement 

was made according to the protocol of Basmajian & Blumenstein (41) modified by Blanc 
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(2013). EMG data were sampled at 1000 samples per second and recorded as analogue input 

data (via a 16 bit analogue to digital converter) to the 3D motion capture system. Conventional 

digital video data were also captured (4 x 1 M pixel at 100 frames per second) via the motion 

capture system synchronously with the 3D and EMG data. 

3.2.2.2 Material 

Different objects are needed for the execution of this protocol. This includes: a table, a height-

adjustable chair, a box, a pointer, a canvas with targets, armrests, a camera and a calibration 

device. 

  
Picture 3-5: Setup for the analytical and functional tasks. The width- & height adjustable armrest. The 

setup for the pointer. Note that the targets can be adjusted in range. 

3.2.3 Tasks 

3.2.3.1 General aspects 

Number of repetitions for each task 

3 representative repetitions of each task are required. The task is repeated three times. The 

mean is calculated from these 9 repetitions.  

Instructions to the patient 

Instructions to the child are given verbally before every single task. The researcher will also 

visually show how the task must be fulfilled. 

Starting position 

For the analytical tasks, the children are seated in a height-adjustable chair with an armrest 

constructed in a way the forearm is semi- fixed in 2 positions, just below the elbow and below 

the wrist. This fixation will allow the patient to do flexion, extension, ulnar and radial deviation 

unimpededly, but will limit the ROM around the elbow and shoulder. There is 90° flexion in the 

knees and hips. The torso must be in an upright position. The chair used has no back to 

exclude interference with the cameras. The armrest is placed as such that the shoulder and 
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the elbow are also 90° flexed. The wrist is held in most of the analytical tasks in pronation, 

because of the more natural way of handling the wrist in daily life.  

The starting position for the functional tasks (box and pointer) is the same position as defined 

above for torso, elbow and shoulder. For the exercise with the pointer patients were asked to 

keep the forearm in the armrest. The patient is not restricted to the armrest for the bilateral 

exercise with the box. 

Coordination and recording 

There are at least 2 researchers present for the assessment. The instructor faces the patient 

to verbally and visually give instructions to the patient seated in front of him. Before the 

recording starts, he makes sure he is not within the reach of the cameras for analysis. A second 

researcher manages the recording on the computer. In order not to lose any crucial 

information, the recording starts before the patient is asked to execute the task. The recording 

stops when the task is clearly fulfilled.  

Choice of UL 

All the analytical tasks are performed with the affected and the non-affected hand unilaterally 

and bilaterally. The unilateral functional task (the pointer) is also performed with the affected 

and the non-affected hand separately. The bilateral functional task (box) is performed with both 

arms. 

Speed of the movement 

The analytical and functional tasks are performed at a self-selected speed and as accurately 

as possible.  

3.2.3.2 Executed tasks  

Calibration 

Calibration of the wrist needs to happen at an angle of 0° and 30° with a calibration device. 

 

Picture 6: Setup for the calibration of the system. The hand is placed in a -30° angle. 
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Static trial 

The patient is upright with the elbows 90° flexed. The shoulders are approximately abducted 

for 20° and the hands are held in pronation. The patient needs to hold this position for 5 

seconds. The marker on the distal end of metacarpal 3 is then removed and a second static 

trial is taken. The removed marker is not necessary anymore for the following analytical and 

functional tasks. 

Analytical tasks 

 Starting position 

The subjects are seated on the chair with their arms in the armrests as described in 

section 3.2.2.2 above. The starting position of the forearm is pronated and the wrist is 

flexed. This is a rather natural relaxed posture, because CP patients will naturally hold 

their hand in this position. 

 Exercise 

The patient is asked to execute flexion and extension bilaterally and two times 

unilaterally as far as possible at self-selected speed.  

 Number of repetitions 

The patient has to do 3 cycles, one cycle is defined as 3 times flexion and extension. 

Because of the essential last turning point, the patient needs to finish the exercise in 

extension.  

Functional tasks 

1.Laser pointer 

 Set-up 

A laser pointer is stuck on the back of the hand, parallel to the third metacarpal between 

the 2nd and 3rd metacarpal. The laser pointer is located so as not to interfere with the 

placement of the markers. On a plain canvas, 2 circular targets with a radius of 10 cm, 

8 cm, 6 cm and 4 cm are placed on top of each other. A marker is placed in both centres 

of the circles in the upper and lower target, defined as the main pointing target. To 

determine the inter-target distance of the two circles, the patient is asked to perform a 

maximum flexion and extension. This distance is then measured with a measuring tape 

and the inter-target distance has to be 70% of the maximal ROM (maximal flexion 

minus 15%, maximal extension minus 15%). If this inter-target distance exceeds the 

maximum placements of the 2 circles, the 2 circles will stay fixed at their maximal 

locations. The patient is seated 3 metres in front of the targets, with his hand placed on 

the same line as the circle (no ulnar- radial deviation is required in this task). The 

position of the patient depends on the functional capacities of the patient. If the affected 
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hand of the patient deviates too much to be able to point the laser to the canvas, the 

position of the patient has to be adapted so that the hand points directly towards the 

circles.  

 

Picture 7: The setup for the pointer with a laser attached parallel to Metacarpal 2 & 3. 

 Starting position 

The patient is asked to keep the forearm rested on the armrest (fixed at the elbow and 

wrist), without other restriction to the arm. The hand is held in pronation and the wrist 

is in flexion, pointing towards the lowest circle. The exercise starts when the instructor 

says ‘start’ and a covered marker he holds himself will be revealed, so the computer 

system knows when the initiating point is given.  

 Exercise 

The patient is told to point with the laser to the centre of the smallest upper circle he is 

able to reach, and then switch to the lowest circle. This is defined as one cycle. The 

patient is instructed to do the task as accurately as possible. The instructor has the 

responsibility to pay attention to the time spent in the circle by counting in his/her head. 

If the patient exceeds the time frame of 3 seconds, the patient has to be instructed to 

leave the circle. The cycle between the targets is repeated for 3 times. These 3 cycles 

have to be repeated 3 times. Attention has to be paid that the patient has to move back 

to the upper circle at the end of the third cycle. When this has happened, the instructor 

can cover the marker again. This task is performed in the affected and non-affected 

limb. 

 Remark 

The position of the camera has to be adapted. The camera has to face the canvas on 

which the pointer light spot is captured. 
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2. Moving a box 

 Set-up 

A box is placed horizontally on the table at a distance of 30cm from the border and the 

exact location is marked on the table with tape. The position of the box when rotated 

90° is also marked on the table with tape. The box is the size of an A4 paper and is 10 

cm high. The long sides of the box have the same specific colour, as well as the short 

sides.  

 Starting position 

The hands are lying on the table in pronation on the same width as the shoulders, with 

the elbow 90° flexed. The starting position of the hands is drawn on the table. 

 

Picture 8: Setup and starting position for 'the box'. The hands of the patient rest within the 
marked place. 

 Exercise 

The patient starts with the hands in starting position and is instructed to grab the box 

horizontally with his fingers straightened and the palm of the hand holding the box on 

the same colours. The box must be held on the short sides and has to be turned 90° 

so that the box is positioned on the table vertically instead of horizontally. After the first 

turn, the hands should return to the starting position. Next, they are told to grab the 

long side of the box and turn it 90° so that the box is repositioned. When completed, 

the hands return to starting position. This is one cycle, which will be repeated 3 times. 

Afterwards, they have to perform the same exercise but rotate the box in the opposite 

way. The exercise is split up to make it easier for the patients.  

Specific task for EMG 

The MVC’s are assessed for the M. Extensor Radialis and the M. Flexor Ulnaris. Every MVC 

is performed once. 
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3.2.4 Parameters 

3.2.4.1 Maximal active ROM, functional active ROM and maximum degree of 

extension 

Nine repetitions of flexion and extension are assessed in the analytical tasks. Maximal active 

ROM is assessed for each repetition. The mean value is calculated and used to quantify 

maximal active ROM. The functional ROM, in the functional tasks, and the maximum degree 

of extension, for both analytical and functional tasks, are calculated analogously.  

3.2.4.2 Acceleration profile  

The kinematic pattern (joint angle over time) is differentiated to derive joint angular velocities 

(expressed in rad/s) and these are differentiated to derive angular accelerations (expressed in 

rad/s2). The absolute value of the acceleration at each point in time is then calculated to create 

an acceleration profile, the amplitude of which reflects the magnitude of angular acceleration. 

Mathematical integration of the area under the acceleration profile plot gives a single score 

reflecting the jerkiness of motion. For example, an athetoid type patient is expected to score 

very highly compared to a TD peer. However, a Parkinson patient having a lead pipe tone 

would show a lower jerkiness for the same task. 

3.2.4.3 Minimal distance to target 

The location of the pointer light spot on the canvas in relation to the two targets can be 

estimated, on the assumption that the forearm is held fixed during the pointer task. This can 

be derived from the orientation of the hand with respect to the forearm i.e. from the wrist 

flexion/extension and ulnar/radial deviation angles. 

During two target calibration trials the subject is encouraged and/or facilitated to hold the hand 

as such that the pointer is perfectly in the centre of each target. The flexion/extension and 

ulnar/radial deviation required to point at the two targets is measured and used as reference 

angles in the dynamic tests to follow. 
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The closest distance to target that the subject achieves in 

each attempt moving from one target to the other is identified 

manually from a synchronously captured video of the canvas 

and pointer. The wrist angles at these points are noted. The 

differences between these angles and the respective target 

angles are noted as well. Using simple trigonometry (see 

figure 1) the distance (error between attempt and target) along 

each of the flexion/extension and ulnar/radial deviation axes 

superimposed on the screen is calculated (as a distance in 

mm). The radial distance from the target attempt to the centre 

of the target is then calculated using Pythagoras’s Theorem 

(radial distance, r from r2 = F/E derived error2 + U/R derived 

error2). 

3.2.4.4 Hand path ratio 

Other manually placed events define when the child enters and leaves the 

circles. The estimated trajectory is calculated based on the same concept as 

above. The diagram below shows the estimated trajectory of the pointer when 

moving from the low to high target (blue dots). The red line illustrates the start 

and end point (the nearest to target point) joined by a straight line. The 

straight line is the shortest possible distance, while the total length of the blue 

line represents the path length followed by the pointer. The ratio of 100% 

(straight line/actual path length) gives an efficiency index of path length 

(100% for a straight line).  

 

 

 

3.2.4.5 Mirror movements 

Mirror movements were visually assessed using the Woods and Teuber criteria (7). 

 

 

Figure 1: Trigonometry. 

Figure 2: The estimated 
(blue) and ideal (red) 
trajectory. 
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3.2.4.6 Compensation mechanisms of the non-affected hand in the box exercise 

In the protocol, compensation mechanisms seen in the box exercise were categorized. Ideally, 

they were asked to hold their hand horizontally and flex their wrist while turning the box. The 

observed compensation mechanisms in the population were: 

1= Number of times the hand was repositioned 

2= The variation of the movement strategy to turn the box. 

A. During the flexion phase: flexion of the fingers instead of the wrist while holding the 

hand in a neutral horizontal position. 

B. During the flexion phase: flexion of the fingers instead of the wrist while holding the 

hand in a pronation horizontal position on top of the box. 

C. During the extension phase: flexion of the fingers while extending the wrist 

vertically. 

D. During the extension phase: flexion of the fingers while extending the wrist 

horizontally. 

 

3.2.4.7 Compensation mechanisms of the elbow in the pointer exercise 

In the pointer exercise, the vertical movements (in mm) of the wrist joint centre and the elbow 

joint centre are calculated. 

4. RESULTS 

4.1 CLINICAL BACKGROUND  

CP patient 

The patient chosen to be an example of a severely affected child with unilateral CP is 10 years 

old. The patient has a left hemi paresis due to a large defect in the parenchyma with lesions in 

the white matter and frontal cortex. The patient does not take any medication and attends 

classes in a normal school. The patient is right-handed. The patient can use his left hand easily 

when necessary, even though the hand will act in a pronation posture with the wrist in light 

flexion. The patient does not experience a lot of problems himself, but finds it frustrating not to 

be able to draw or write with his left hand. He can dress independently. He handles cutlery, 

with the fork on the left side. The parents report problems in doing so. The patient has less 

reaction to catch things on the left. The patient can ride a bike with his 2 hands and is able to 

swim. During gym, some limitations occur (i.e. handling a ball). 

 

On 13/02/2012, the patient underwent a multilevel Botox infiltration in the left Gastrocnemius 

(6 IE/kg), left Pronator Teres (4 IE/kg) and left Biceps Brachii (5 IE/kg). This caused an increase 
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in flexibility, although no increase in functionality was achieved. The left hand sometimes feels 

colder. There are no problems in proprioception and sensibility. The patient has the following 

clinical scores: GMFCS 1, House Score 6 (meaning good active assist, the patient can actively 

grasp objects and manipulate them as well) and MACS II. The patient has limited force in the 

wrist extensors (3/5 on the MRC scale) and has spasticity in the wrist flexors (Ashworth score 

2). The active wrist extension without resistance is currently recorded up to 30 °. The passive 

wrist extension is complete, meaning that there are no contractures. All clinical scores used 

for inclusion are graded in the attachment. 

 

TD child 

The TD child is 12 years old and from the same sex as the child with unilateral CP. The child 

is specifically older than 10 years, so physiological mirror movements normally should not 

occur in this child. The TD child is assumed to have the best scores to all the clinical scores 

(i.e. MACS I, House 8,…). The TD child is right-handed and hobbies include football and 

skating. 

 

4.2 RESULTS 

4.2.1 Kinematic parameters 

 4.2.1.1 Neuromuscular capability  

 Analytical tasks 

The degree of extension during the unilateral analytical exercise in the affected hand of the CP 

patient, the non-affected hand of the CP patient and the dominant (right) hand of the TD child 

is respectively 47° (± 16°) flexion, 55° (± 4.33°) extension and 52° (± 3.1°) extension. The 

values of the active maximal ROM are respectively 34° (± 12.61°), 126°(± 6.09°) and 109° (± 

14.2°). 

During the bilateral exercise the degree of extension in the affected hand of the CP patient, 

the non-affected hand of the CP patient and the dominant (right) hand of the TD child is 

respectively 52° (± 8.45°) flexion, 55° (± 6.51°) extension and 56° (± 7.8°) extension. In the 

bilateral exercise, the values of the active maximal ROM are respectively 33° (± 10.62°), 123° 

(± 11.24°) and 111° (± 12.9°).  

Box task 

The neuromuscular parameters of the right hand in the clockwise exercise have to be 

compared with the parameters of the left hand of the anti-clockwise exercise, due to asymmetry 

of the test. The degree of extension in the affected hand of the CP patient in the clockwise 
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exercise is compared with the non-affected hand of the CP patient and the dominant (right) 

hand of the TD child in the anti-clockwise task. These values are respectively 26°(± 7.59°) 

flexion, 6° (± 6.00°) extension and 50° (± 10.3°) extension. The values of the functional ROM 

are respectively 59° (± 7.37°), 61° (± 9.88°) and 143° (± 11.7°). 

The degree of extension in the affected hand of the CP patient in the anti-clockwise exercise 

is compared with the non-affected hand of the CP patient and the dominant (right) hand of the 

TD child in the clockwise test. These values are respectively 26° (± 10.72°) flexion, 40° (± 

19.39°) extension and 90° (± 14.6°) extension. The values of the functional ROM are 

respectively 73° (± 12.52°), 70° (± 19.39°) and 119° (± 13.3°).  

Pointer task 

The degree of extension during the pointer exercise in the affected hand of the CP patient, the 

non-affected hand of the CP patient and the dominant (right) hand of the TD child is 

respectively 6° (± 5.23°) flexion, 13° (± 12.32°) extension and 14° (± 4.3°) extension. The 

functional ROM of the affected hand of the CP patient, the non-affected hand of the CP patient 

and the dominant (right) hand of the TD child is respectively 18° (± 5.69°), 38° (± 16.07°) and 

27° (± 3.6°).  

4.2.1.2 Smoothness  

Box exercise 

The smoothness parameters of the right hand in the clockwise exercise have to be compared 

with the parameters of the left hand of the anti-clockwise exercise, due to asymmetry of the 

test. The area under the absolute acceleration curve in the affected hand of the CP patient in 

the clockwise exercise is compared with the non-affected hand of the CP patient and the 

dominant (right) hand in the anti-clockwise test. These values are respectively 228 (± 50,48), 

481 (± 118,65) and 1693 (± 577,6). The area under the absolute acceleration curve in the 

affected hand of the CP patient in the anti-clockwise exercise is compared with the non-

affected hand of the CP patient and the dominant (right) hand in the clockwise exercise. These 

values are respectively 365 (± 61,16), 1014 (± 337,56) and 1129 (± 401,1). 

Pointer exercise 

The area under the absolute acceleration curve of the affected hand of the CP patient is 182 

(± 338,40), for the non-affected hand of the CP patient 292 (± 284,17) and for the dominant 

(right) hand of the TD child is 67 (± 20,9). 
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4.2.1.3 Accuracy and efficiency  

Pointer exercise 

When moving from the low to the high target, the mean radial distance from the targets for the 

affected hand of the CP patient, the non-affected hand of the CP patient and the dominant 

(right) hand of the TD child is respectively 562 (± 109.11) mm, 224 (± 20.56) mm and 299 (± 

533.86) mm. The hand path ratio is respectively 36 (± 15.94) %, 29 (± 33.52) % and 76 (± 6.84) 

%.  

When moving from the high to the low target, the mean radial distance from the targets for the 

affected hand of the CP patient, the non-affected hand of the CP patient and the dominant 

(right) hand of the TD child is respectively 310 (± 125.64) mm, 237 (± 89.51) mm and 97 (± 

17.86) mm. The hand path ratio is respectively 27 (± 10.48) %, 61 (± 10.51) % and 79 (± 13.66) 

%.  

   

Figure 3: Low to high target pointing in respectively the dominant hand of TD child, the affected and the 
non-affected hand of the CP patient. Note that the scales are different between the graphs. 
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4.2.1.4 Compensation mechanism elbow  

When moving from the low to the high target, the mean vertical movement from the wrist joint 

joint centre for the affected hand of the CP patient, the non-affected hand of the CP patient 

and the dominant (right) hand of the TD child is respectively 18 (± 4. 97) mm, 2 (± 1.30) mm 

and 3 (± 0.29) mm. The vertical movement from the elbow joint centre is respectively 4 (± 1.48) 

mm, 3 (± 1.96) mm and 0 (± 0.44) mm.  

When moving from the high to the low target, the mean vertical movement from the wrist joint 

joint centre for the affected hand of the CP patient, the non-affected hand of the CP patient 

and the dominant (right) hand of the TD child is respectively 18 (± 3.81) mm, 2 (± 1.54) mm 

and 3 (± 0.72) mm. The vertical movement from the elbow joint centre is respectively 4 (± 1.69) 

mm, 4 (± 3.21) mm and 0 (± 0.13) mm.  

4.2.2 Qualitative variables 

4.2.2.1 Compensation mechanisms of the non-affected hand 

The child with unilateral CP used the same compensation mechanism for every cycle of anti-

clockwise and clockwise turning of the box. The compensation mechanism is defined as 2B 

(during the flexion phase: flexion of the fingers instead of the wrist while holding the hand in a 

pronation horizontal position on top of the box). The TD child did not use any compensation 

mechanisms.  

 4.2.2.2 Mirror movements 

In the TD child, no clear imitative movement was observed (Woods and Teuber criteria grade 

0) during the unilateral analytical tasks in the dominant and in the non-dominant hand. In the 

child with unilateral CP, barely discernable repetitive movements (Woods and Teuber criteria 

grade 1) were seen in the non-affected hand in 1 of 3 trials of the analytical task of the affected 

hand. In the other analytical trials of the affected hand and the 3 analytical trials of non-affected 

hand, no clear imitative movements were observed (Woods and Teuber criteria grade 0). 

5. DISCUSSION 

5.1 RESULTS  

5.1.1 Rationale 

The parameters between the affected hand of the CP patient, the non-affected hand of the CP 

patient and the dominant hand of the TD child are compared. Comparison between the affected 

hand of the CP patient with the dominant hand of the TD child is necessary because the 

spatiotemporal characteristics and joint kinematics of the non-affected versus the affected side 

of children with unilateral CP can differ significantly (20).  



 

36 
 

5.1.2 Kinematic parameters 

5.1.2.1 Neuromuscular capability 

Rationale for the parameter 

Information on how a child with unilateral CP uses his wrist to execute a task is fundamental 

to gain insight into how the lesion affects movement ability. The parameters degree of 

extension and active ROM are assessed for every exercise in the protocol. The degree of 

extension is relevant in the context of the practical use of the hand. A child is able to do more 

with his hand when he has an active ROM between -15° and 15° (with 0° being the neutral 

pronation position of the hand) rather than having an active ROM between -15° and -45°. When 

the degree of extension is higher, a higher functionality of the hand is obtained. A high active 

ROM is also found to be more functional than a small active ROM. It is important to interpret 

this parameter in accordance with the degree of extension.  

Interpretation of results 

In the affected hand of the child with unilateral CP, a smaller maximal active ROM is seen 

when comparing to the non-affected hand of the CP patient and the dominant (right) hand of 

the TD child. The latter have similar values. The affected hand is in flexion when extension is 

required while his non-affected hand and the dominant (right) hand of the TD child have a 

similar degree of extension. In the box exercise, the functional ROM does not differ much when 

comparing the affected and non-affected hand of the CP patient in the clockwise and anti-

clockwise ways of turning the box. A much larger ROM is seen in the TD child for both 

exercises. The child with unilateral CP is doing flexion when extension is required. A more 

important difference between the degree of extension in the dominant (right) hand of the TD 

child and the non-affected hand is observed than in the analytical tasks. During the pointer 

exercise, the affected hand of the CP patient uses a smaller functional ROM compared to his 

non-affected hand and the dominant (right) hand of the TD child. Similar values are found 

between the non-affected hand of the CP patient and the dominant (right) hand of the TD child. 

The CP patient is again flexing his affected hand during the task while similar degrees of 

extension are observed in the other 2 hands. This can be due to spasticity or poor selective 

control. This is respectively the co-contraction (which implies poor agonist-antagonist 

interaction) and the inability to voluntarily activate the intended muscle. This can lead to the 

inability to fully use the capability of the muscles, leading to a smaller maximal/functional ROM 

and a lower degree of extension. This observation confirms the need to incorporate EMG 

analysis of the wrist extensors and flexors in this protocol. The EMG data is needed to 

characterize the influence of the muscles to this finding. 
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The ROM and the degree of extension for every hand are compared between the 3 different 

exercises (analytical, pointer and box). Only the values of the non-affected hand of the CP 

patient are as expected. For the affected hand of the CP patient and the dominant (right) hand 

of the TD child, the greatest degree of extension is observed in respectively the pointer 

exercise and the box exercise. The lowest degree of extension is respectively observed in the 

analytical exercise and the pointer exercise. The ROM is the largest and the smallest in 

respectively the box and the pointer exercise for both. The discrepancy between reality and 

the expectation in the TD child and the affected hand of the CP patient between the analytical 

and functional exercises can be explained by several factors. A first observation that might 

explain the difference in the ROM and the degree of extension between the box exercise and 

the analytical exercise, is that each child is able to push his hand onto the table between 2 

cycles in the box exercise and thereby achieves a greater (but passive) extension. This is a 

valid explanation even for the CP patient, because the CP patient does not have a flexion 

contracture in his affected hand and is perfectly capable of a complete passive wrist extension. 

The second factor that accounts for the difference in the ROM and the degree of extension 

between the analytical exercise and both functional exercises, is the greater motivation of the 

child during functional tasks. 

Validity 

It is important to think about the validity of these parameters. Confirming the measured angles 

would imply taking a CT scan to measure the angles and compare it with the angles measured 

with the Nexus® software. This is not practical because of the cost, time and unnecessary 

radiation exposure. Calibration of the wrist flexion and extension was done in 0 ° and 30 ° 

flexion, to double check the angles calculated by the software. This was a rough estimation 

and was not used to influence the data. Further thinking on how to control the angles needs to 

be done. Nevertheless, the neuromuscular parameters provide good information about the 

impairment when correctly extracted.  

5.1.2.2 Smoothness 

Rationale for the parameter 

It is interesting to see how smooth the movements from the wrist are, when executing the 

exercises. Smoothness is assessed for the functional tasks, since these are the only goal-

oriented tasks (33). The best way to map a smooth movement in this protocol is to integrate 

the area under the absolute acceleration curve. In the proposed protocol, the area under the 

absolute acceleration curve correlates with jerkiness and jerkiness is inversely proportional to 

smoothness.  
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Interpretation of results 

In both clockwise and anti-clockwise ways of turning the box exercise, the highest area under 

the absolute acceleration curve is found in the dominant (right) hand of the TD child and the 

lowest area under the absolute acceleration curve is found in the affected hand of the child 

with unilateral CP. This implies that the affected hand of the child with unilateral CP has the 

lowest degree of smoothness and the dominant (right) hand of the TD child the highest. Co-

contraction and poor muscle control can also make it impossible for the child to do an exercise 

fast, whereas a TD child can perform a task fast and well. In the pointer exercise, the lowest 

area under the absolute acceleration curve was found in the dominant (right) hand of TD child 

and the highest value was found in the non-affected hand of the child with unilateral CP. This 

is not consistent with the findings in the box exercise. When looking at the data, several outliers 

were observed in the data of the CP patient (both in the affected and non-affected hand). This 

could be due to tracking problems, which implies the data-set is not reliable for this parameter 

and cannot be used for comparison. 

Validity 

The parameter for smoothness is calculated from the kinematic profile. It is important to think 

about the validity of this self-constructed parameter. Movement smoothness is objectified by 

assessing the area under the acceleration curve. This is a jerk-based measure. The remark 

must be made that this parameter merges information about the amplitude of acceleration and 

the number of accelerations (number of velocity peaks). The recent study of Balasubramanian 

et al. also concluded also that jerk based measures are not valid measures of smoothness 

(33). It might be interesting to base a smoothness parameter on existing literature. When 

analyzing the results for the box, the CP patient was observed to need a longer time to 

accomplish the exercise. This can have an impact on the value of the area under the absolute 

acceleration curve. Adding an extra parameter for movement speed (for example movement 

time) could provide the clinician with even more insight on the UL movement pathology. Note 

that this is not possible for the pointer exercise, because children were restricted in time and 

the assessment of movement time would be biased.  

5.1.2.3 Efficiency and Accuracy 

Rationale for the parameters 

Efficiency and accuracy will provide insight in how well patients with unilateral CP are able to 

execute an exercise. Movement accuracy and efficiency were not assessed in the bilateral box 

exercise and the analytical tasks. The analytical task is not goal-oriented and does not need 

an efficient movement. However, it would be interesting to know more about accuracy and 
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efficiency in bilateral functional movements but there was no time in this study to do so. The 

best way to map an efficient and accurate movement is respectively through the analysis of 

the deviation of the ideal path and the minimal distance to target.  

Interpretation of results 

The accuracy is the lowest in the affected hand of the CP patient in both targeting to the low 

and the high circle. When targeting to the high circle, the accuracy of the non-affected hand of 

the CP patient and the dominant (right) hand of the TD child are similar. When targeting to the 

low circle the accuracy is the highest in the dominant (right) hand of the TD child. The efficiency 

is the lowest in the non-affected hand of the CP patient and the affected hand of the CP patient 

when respectively targeting at the upper circle and the lower circle. When targeting to the high 

circle, a large difference is seen between the values of the affected hand of the CP patient and 

the values of the dominant (right) hand of the TD child. The latter has the highest efficiency. 

When targeting to the low circle, the values of the non-affected hand and the dominant (right) 

hand of the CP patient are similar. Spasticity and co-contraction can explain why the 

movements of the affected hand of the CP patient are mostly the least accurate and the least 

efficient. Motivation of the child also plays an important role and might explain why the non-

affected hand of the CP patient has the lowest efficiency when pointing towards the upper 

circle. 

When looking at the movement trajectory visualized in the graphs, it was noticed that the shape 

of the trajectory of the affected hand of the CP patient was more chaotic compared to the more 

spiral-shaped trajectory of the non-affected hand of the CP patient and the dominant (right) 

hand of the TD child. It is interesting to further investigate how to objectively quantify the shape 

of the trajectory. This gives different information than the path length parameter in the protocol. 

Validity 

Movement accuracy and efficiency are outcome parameters. Outcome of the UL is a result of 

movements in every joint in the kinematic chain and not only from the last joint in line (in this 

protocol; the wrist). Different motor strategies can be used to obtain the same outcome when 

executing the exercises. Some of them do not have wrist flexion and extension as their main 

mechanism. Internal rotation of the trunk, movements of the shoulder and elbow can each 

influence how children handle the wrist. This can cause noise disturbing or biasing the data 

collection at the height of the wrist. This was seen in the results. The method to analyze 

movement accuracy and efficiency was based on an estimation that the forearm does not move 

in space and the only DoFs are flexion/extension and ulnar/radial deviation of the wrist. During 

the pointer exercise, children did not only move their wrist. Often, they repositioned their arm 
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after the static trials. Since the children were still able to lift their elbow and forearm, they were 

also tempted to keep the wrist in a neutral pronation position and perform the task using flexion 

and extension of the elbow. This movement is felt as a more stable movement than doing 

flexion/ extension of the wrist. This might be explained due to the fact that during the 

development of the motor map, a proximal to distal control strategy of human infants is 

observed during arm movement development (4). The earlier a circuit is developed, the 

stronger it can get and in this way it is felt as a more stable movement to perform.  

The goal of this thesis is to find a way to objectively assess different movement aspects of 

wrist flexion and extension. The assessment of outcome parameters is an essential part. When 

acknowledging that control of the whole chain is needed to obtain accurate and efficient 

movements, two approaches are available to assess these aspects. A first option is to eliminate 

the bias at the height of the wrist by restricting the child instead of letting him move freely. 

When restricting the movement, the natural action of the patient is not assessed. When this 

way of quantifying movement accuracy and movement efficiency of the wrist flexion and 

extension is preferred, the forearms of the children should be strapped to the armrest. This will 

eliminate the influence of movements of the elbow. It is important to note that other measures 

should be taken to eliminate the influence of movement of the shoulder and trunk. This will 

eventually lead to outcome parameters that are solely a result of the wrist. A second option is 

to assess the whole kinematic chain (i.e. every joint in the UL) and to assess its role in the 

outcome, to be able to conclude what the role of one specific joint is (the wrist in this protocol). 

From a clinical point of view the latter is preferable.  

This means that children need the freedom to adapt for their impairments and outcome 

parameters from the last joint as well as movements in the other UL joints should be quantified. 

The next step is to correct the outcome parameters for the compensation mechanisms in the 

other UL joints. This implies that compensation mechanisms should be quantified for 2 

reasons: 1) to correct for the outcome parameters and gain insight in the wrist control and 2) 

to gain insight in which movement strategies the patients uses to obtain good results. For 

bilateral functional tasks, compensation mechanisms from the non-affected hand have to 

interpreted as well. The compensation mechanisms of the elbow in the pointer exercise and 

the compensation mechanisms of the non-affected hand in the box exercise are added to the 

protocol.  

5.1.2.4 Compensation mechanisms of the UL joints 

Rationale for the parameter 

Compensation mechanisms of the elbow are mapped to put the kinematic data from the wrist 

in perspective. Kinematic data from the elbow in the pointer exercise are evaluated, but not for 
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the box exercise. This is because the box exercise requires a great level of movements in 

other UL joints and these movements are inherent to the task. Analysis of the vertical 

movement (in mm) of the wrist joint centre and the elbow joint centre are a fast and efficient 

way.  

Interpretation of results 

When targeting to the lowest circle, the largest vertical movement in the elbow joint centre is 

observed in the non-affected hand of the CP patient, followed by the affected hand of the CP 

patient and the dominant (right) hand of the TD child. When targeting to the upper circle, the 

largest vertical movement in the elbow joint centre is found in the affected hand, followed by 

the non-affected hand and the dominant hand of the TD child. The largest vertical movement 

in the wrist joint centre is seen in the affected hand for both targeting to the high and the low 

circle. The vertical movements in the non-affected hand and the dominant (right) hand of the 

TD child are lower and similar for both targeting to the high and the low circles.  

Over all, the CP patient uses more movements in other UL joints. This might be to compensate 

for the impairment by using a different motor strategy. The consequence of the compensation 

mechanisms in the elbow and wrist, results in even more incorrect data for movement accuracy 

and efficiency. This highlights the need to quantify compensations mechanisms, to assess the 

real control of the wrist and the control of the arm. 

Validity 

It is necessary to think how data from other movements of UL joints can correct for the outcome 

parameters to obtain information about wrist control.  

5.1.3 Qualitative variables 

5.1.3.1 Compensation mechanism of the non-affected hand  

Rationale for parameters 

Compensation mechanisms of the non-affected hand in the only bilateral functional exercise 

are mapped (the box) for the same reason as mentioned above. The compensation 

mechanisms used by the 24 participants were visually classified. Visual analysis of these 

mechanisms was preferred, because in kinematic analysis it seems difficult to distinguish a 

compensation mechanism from a wanted functional movement. 

Interpretation of results 

The occurrence of one of the compensation mechanisms (i.e. variation 2B, during the flexion 

phase: flexion of the fingers instead of the wrist while holding the hand in a pronation horizontal 
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position on top of the box) during the box is suspected to be related to the patient’s need to 

compensate for the affected hand. Mirror movements might be an explanation for this 

compensation mechanism in the anti-clockwise exercise. The symmetric nature of the mirror 

movements hereby disrupts the asymmetric requirements of the box. Assessing movement 

accuracy and efficiency was not done for the box exercise, which explains why correlation of 

these outcome parameters with the compensation mechanisms cannot be performed. 

Validity 

When analyzing compensation mechanisms visually, a categorical variable including a “yes” 

(compensation mechanisms visually present) or “no” (compensation mechanisms visually 

absent) classification might be sufficient. This is due to the fact that a time-efficient protocol is 

required. The only information that might be lost is the presence of possible mirror movements 

in bilateral tasks. It would be better to obtain objective information on the compensation 

mechanisms of the non-affected hand in bilateral movements, as this is needed to correct for 

outcome parameters and this requires further thinking. 

5.1.3.2 Mirror movements 

Rationale for parameter 

The occurrence of mirror movements can interfere with bilateral performance, apart from 

spasticity, muscle weakness and sensory deficits (7). Due to time limits, the Woods and Teuber 

criteria were used to analyze mirror movements, because this is a fast solution. This was only 

done in the unilateral analytical exercise. It would be interesting to do this in the unilateral 

functional exercise (pointer), but due to technical problems with marker loss this was currently 

impossible.  

Interpretation of results 

As expected, no physiological mirror movements were found in the TD child. In the child with 

unilateral CP, barely discernable repetitive movements in the non-affected hand were 

observed when the affected hand did flexion and extension. This is in accordance to literature 

saying that the non-affected hand shows more mirror movements than the affected hand. 

When evaluating the analytical tasks, the restriction of the arm in the armrest might have 

diminished the occurrence of mirror movements.  

Validity 

Other valid possibilities to assess mirror movements include EMG analysis and kinematics. 

This can be considered to be an objective alternative for the Woods and Teuber criteria.  
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5.1.4 Considerations  

 5.1.4.1 Sensitivity 

When observing the other kinematic data, the mild CP patients sometimes resembled a lot to 

normal children, while severe CP patients had obvious problems performing the protocol. It is 

important to assess the sensitivity of this protocol.  

 5.1.4.2 Repeatability 

Intra- and intersession repeatability needs to be controlled as well before using the parameters 

in a clinical setting. The dataset was visually controlled for outliers and the observed outliers 

were minimal. Still, statistical analysis is required. 

 5.1.4.3 Predictive ability 

The predictive ability of the parameters used in this protocol is not assessed due to time 

limitation. It might be interesting to predict the natural evolution and/or the evolution after 

intervention using these quantitative parameters. To date, only clinical scales are used for 

evaluation.  

5.2 TECHNICAL ASPECTS 

Although literature advises not to use bony landmarks for placing markers, the decision was 

made that this was the best way to standardize the position of the markers in this protocol. 

Using bony landmarks induces skin movements, which obscure the exact marker point for 

analysis. However, the neutral joint orientations can be defined by using a static reference 

measurement that measures the location of the joint markers and centres with respect to the 

segment markers. The joint centre of the wrist in the static reference measurement is the 

middle between the ulnar and radial process marker (37). Markers placed on the forearm were 

used to define the forearm segment. In this way, skin movement is again reduced. Using 

triplets of interconnected markers would exclude inter-marker motions (29), but was not an 

option here because of the large variance in arm length in the study group. It would complicate 

things rather than relieving some bias.  

The decision was made not to use markers on the trunk of the children with the goal to simplify 

the data using only the wrist flexion and extension as joint of interest. In order to adequately 

orient the wrist in space, the entire UL (including upper arm, fore arm and hand) was marked. 

 

During the execution of the tasks, it became clear that the placement of the markers in 

combination with the execution of the functional tasks was not evident. Visibility of the markers 

was hard when children had to extend fully, especially in smaller children when the markers 

came very close to each other.  
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5.3 PATIENT GROUP 

No statistical analysis is executed due to time limitations. In further analysis, it is important to 

realize that a very heterogeneous group was assessed, but is presented as a homogeneous 

group. Patients differ in age, neurological lesion, motor impairment and context. These aspects 

need to be taken into account when interpreting the results. Concerning EMG, the locomotor 

pattern of older children with CP shows similarities to the movement development of TD 

children (32). Due to the large age scale in the study, (i.e. 6 to 14 years) caution should be 

made when drawing conclusions if patients are not age-matched.  

5.4 TASKS 

5.4.1 Unilateral and bilateral exercises 

Assessment of unilateral and bilateral exercises is justified. Most ADL require the coordinated 

and simultaneous use of both hands (15, 34, 35, 42). Knowledge about how both hands work 

together is relevant for making therapeutic decisions. Also, the non-affected hand can alter 

movement aspects of the affected hand in bilateral exercises due to bilateral coupling (34, 35). 

By assessing unilateral and bilateral movement characteristics, no crucial information is lost.  

5.4.2 Construction of the task  

The function of the hand includes reaching, grasping and object-manipulation (17). To do so, 

a good wrist function is needed. Movements in the wrist include flexion and extension and 

ulnar and radial deviation. Impairment in ulnar and radial deviation can be corrected more 

easily with compensating positions of elbow, shoulder or trunk. This is why wrist flexion and 

extension is the focus in this protocol.  

As mentioned in 5.1.2.3, analyzing unrestricted functional movements is preferred. To do so, 

it is important to keep in mind some aspects when constructing the tasks. First, functional 

exercises have to be constructed with the goal to optimally let wrist flexion and extension come 

to expression and to minimize movements in the trunk, shoulder, elbow, metacarpophalangeal 

and interphalangeal joints. Object-manipulating exercises require a greater level of wrist flexion 

and extension than reach and grasp exercises. Still, attention has to be paid to the construction 

of object-manipulating exercises because the wrist, the metacarpophalangeal joints and the 

interphalangeal joints are equally important in a lot of object-manipulating unilateral exercises. 

This is in contrast with the bilateral exercises, where an object can be handled without using 

hand joints and only by using the palm of the hands. In the pointer exercise, the pointer was 

attached onto the hand instead of letting the patient hold the pointer, excluding movements in 

hand joints. In the bilateral functional tasks, movements in trunk, shoulder and elbow are often 

inherent to the task. The same accounts for the bilateral functional box exercise. Further 

thinking needs to be done on which bilateral tasks do not require a lot of UL joints movements.  
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Another important factor is that the children executing the task have to be motivated to use this 

preferred motor strategy. This can be obtained by partly restricting them (for example with the 

armrest) and/or verbally restricting them. This was done in the unilateral pointer exercise, 

where a compromise was made in order to find balance between letting the patient execute 

the task using as much wrist flexion and extension as possible and the task being completed 

the way the patient fits best. Height- and width adjustable armrests were developed in order to 

facilitate the use of only wrist flexion and extension. The only restriction the children had, was 

verbally by instructing them not to lift the forearm and to use only the wrist during the task. In 

the box exercise, it was impossible to restrict the forearms of the children while letting them 

handle an object bilaterally. This is why little to no restriction was assigned for the box exercise 

and children were only verbally motivated to use as much wrist flexion and extension.  

Functional object-manipulating exercises will not give information about the maximal ROM and 

the MVC’s. Analytical exercises and MVC exercises are therefore also included in the protocol. 

5.4.3 Constraints 

The goal of this thesis is not to examine the effect of task and biomechanical constraints on 

the kinematic profile. It is interesting for further investigation to test the effect of certain task 

and biomechanical constraints on the kinematic profile in children with unilateral CP (36). This 

insight might be useful to think further about what type of exercise to include in the protocol as 

you want to get as much relevant and useful information in a small time frame. It is also 

important to think about the effects of the task demands on bilateral coupling and keep this in 

mind when creating bilateral exercises. 

5.4.4 Validity 

It is important to know whether the analytical and functional exercises are well-constructed to 

assess the kinematic parameters. When measuring movement accuracy and efficiency in the 

pointer exercise, children need to be motivated to use the most accurate and efficient motor 

strategy. The assessors emphasized that overshooting may not occur and it was always 

pointed out that there is no need to hurry because obtaining good results was preferred. 

Children were verbally restricted to slow down, point at the target and leave the circle. Often, 

children did not pay attention to this advice or were too competitive and did the exercise too 

fast. Consequently, the values of the distance to the target and the hand/path ratio will be less 

good while they might be perfectly capable of performing the task accurately and efficiently. It 

is a challenge to create functional exercises and at the same time to try to objectify the 

movement characteristic you want to measure. It is important to pay attention to this aspect 

and to try to minimize this bias. When assessing the maximal neuromuscular parameters in 

the analytical exercise, children let their hand hang when asked to flex maximally in analytical 

tasks most of the time. It might be interesting to reflect on how to motivate children to fully flex 
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and extend their wrist. It might be a good idea to make the analytical tasks also goal-oriented, 

for example by placing 2 buttons on top and below the armrest. 

The systematic error that might occur during the MVC procedure due to the incapacity to 

perform maximal contractions in children with unilateral CP, invalidates the method when 

comparing the neuromuscular activation in children with and without unilateral CP (31).  

5.5 PRACTICAL IMPLEMENTATION 

5.5.1 Practical implementation of the tasks 

5.5.1.1 Pointer 

The unilateral functional exercise with the pointer was found to be a very cool and funny 

exercise to do. It is up-to-date with their environment and most of the children see this exercise 

as a challenge.  

Another advantage is that the pointer is very adjustable to the child who is performing the 

exercise. When a patient has a very distinct capability of doing flexion and extension, the 

exercise is possible and useful. There are 3 ways to adjust the pointer: by changing the inter-

target distance, by resetting the height of the arm rest and by turning the armrest when the 

hand is too much deviated to be able to point to the targets. As a consequence, almost every 

child was able to perform this exercise. However, children with CP who have a severe wrist 

flexion contracture and cannot elevate their hand are excluded from this exercise. 

5.5.1.2 The box 

The bilateral functional exercise with the box has a high difficulty level, therefore the results 

depend on age, level of intelligence and motivation of the child. Sometimes it was seen that 

after trying a couple of times, they understood the exercise better, but certainly not every time. 

The reason might be that the intention of the box was to be an exercise of daily living, but it’s 

not a movement they execute every day and are trained to do. 

The size of the box is the same for every participant in this protocol. The age of the children 

included in the protocol varies from 6 years old to 14 years old. The size of the box is ideal for 

the oldest children but is too big for the youngest children, which made the exercise even more 

difficult for the youngest participants. It would be a good idea to have different versions of tools 

used in a protocol, adjusted to the age of the children. Looking back to the development of the 

box, it might be more ideal if the box were higher, to exclude certain compensation 

mechanisms as mentioned above. When the box is higher, children are not able to turn their 

furthest hand on top of the box and are more forced to flex their wrist. 
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5.5.2 Practical implementation of the protocol 

The staff members of the gait lab will not need extra training because of their experience in 

gait analysis with the equipment and the software. The average time to perform the protocol 

was 90 minutes. This UL motion analysis takes longer than gait analysis, but timing can be 

reduced when optimizing the protocol. If the relevance of the protocol will be the same as gait 

analysis, the cost of this UL motion analysis is acceptable. The only extra cost a gait lab will 

have to make will be in the production of the height-adjustable armrests and the tools for the 

exercises. 

CONCLUSION 

It is important to objectify UL pathology in children with unilateral CP. ROM and the degree of 

extension discriminate the TD child from the CP patient and are found to be good parameters. 

The area under the absolute acceleration curve, as a parameter for movement smoothness, 

might not be such a good parameter. The choice of a parameter for movement smoothness 

should be based on current literature. The incorrect data for movement accuracy and efficiency 

resemble the need to correct these values for movements in other UL joints and compensatory 

movements in the non-affected hand in bilateral exercises. Mirror movements are correlated 

with movement pathology and should be assessed more objectively. EMG and kinematics are 

options, but further study on this subject need to be done. For further analysis it is important 

to test the sensitivity, repeatability and predictive ability of the protocol. To be able to gain more 

insight, EMG analysis is an essential part. Also a parameter for movement speed in functional 

exercises where children are not restricted in time can be of great value.  

With regard to the tasks, it can be concluded that unilateral and bilateral exercises should be 

included in an UL protocol. A task should be created that highlights a specific movement 

strategy, in order to exclude external factors. When a task is then not performed as required, 

this error will contain more information since a lot of external factors are already excluded. It is 

thus important to find functional exercises where wrist flexion and extension optimally comes 

to expression and movements in the shoulder, elbow, metacarpophalangeal and 

interphalangeal joints are minimized. Partly restricting the patient, verbally and/or physically, 

can be of use to motivate the child to use the preferred motor strategy. Before creating tasks, 

it is appropriate to know how task demands influence the kinematic profile and bilateral 

coupling in order to get as much relevant and useful information in a small time frame.  

Some important aspects should be highlighted concerning the practical side of the protocol. It 

is necessary to adjust the degree of difficulty of the exercise and the size of the tools to the 

age of the child. If an exercise is fun to do, the child will be more motivated to do the exercise 

well. The protocol is going to be performed by children with unilateral CP with a various 
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presentation of UL impairment. It is important to be able to adjust the exercise to the degree 

of severity. A good UL protocol has to be cost-effective and time-efficient. Also, tools should 

be constructed to facilitate the use of a specific motor strategy, for the same reason as 

mentioned above. 
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 ATTACHMENTS 

The House score and its additional descriptors (25).  

0 = Does not use (does not use) 

1 = Poor passive assist (uses as stabilizing weight only) 

2 = Fair passive assist (can hold onto object placed in hand) 

3 = Good passive assist (can hold object and stabilize it for use by other hand) 

4 = Poor active assist (can actively grasp object and hold it weakly) 

5 = Fair active assist (can actively grasp object and stabilize it as well)  

6 = Good active assist (can actively grasp object and manipulate it as well)  

7 = Spontaneous use, partial (can perform bimanual activities easily and occasionally uses the 
hand spontaneously) 

8 = Spontaneous use, complete (uses hand completely independently of other hand) 

 

The MACS score (43) 

I = Handles objects easily and successfully. 

II = Handles most objects but with somewhat reduced quality and/or speed of achievement.  

III = Handles objects with difficulty; needs help to prepare and/or modify activities. 

IV = Handles a limited selection of easily managed objects in adapted situations.  

V = Does not handle objects and has severely limited ability to perform even simple actions. 

 

The Woods and Teuber Criteria (7) 

0 = No clear imitative movement. 

1 = Barely discernable repetitive movements. 

2 = Either a slight but non- sustained repetitive movement, or a stronger but briefer repetitive 
movement. 

3 = Strong and sustained repetitive movements. 

4 = Movements equal to those expected for the intended hand. 
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GMFCS score (43) 

I = Can walk without limitations. 

II = Walk with limitations. 

III = Walk with assistive mobility device.  

IV = Walking ability severely limited even with assistive devices. Use of power wheelchair. 

V = Transported by manual wheelchair. 

 

Ashworth Scale (44) 

0 = No increase in muscle tone. 

1 = Slight increase in muscle tone, manifested by a catch and release or by minimal resistance 
at the end ROM when the affected part(s) is moved in flexion or extension. 

1+ = Slight increase in muscle tone, manifested by a catch, followed by minimal resistance 
throughout the remainder (less than half) of the ROM. 

2 = More marked increase in muscle tone through m ost of the ROM, but the affected part(s) 
is easily moved. 

3 = Considerable increase in muscle tone, passive movement is difficult. 

4 = Affected part(s) rigid in flexion or extension. 

 

MRC Scale (45) 

0 = No contraction.  

1 = Flicker or trace contraction.  

2 = Active movement, with gravity eliminated.  

2–3 = Active movement against gravity over less than 50% of the feasible ROM.  

3 = Active movement against gravity over more than 50% of the feasible ROM 3–4 Active 
movement against resistance over less than 50% of the feasible ROM.  

4 = Active movement against resistance over more than 50% of the feasible ROM. 

4–5 = Active movement against strong resistance over the feasible ROM, but distinctly weaker 
than the contralateral side . 

5 = Normal power. 






