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Abstract 
 

Cerebral Palsy (CP) describes a group of permanent disorders of development of 

movement and posture, causing activity limitation, that are attributed to non-progressive 

disturbances that occurred in the developing fetal or infant brain. The prevalence of CP 

remains constant over the last years at 2.11 per 1000 live births. Unilateral spastic CP 

(uCP), also called hemiplegic CP, has a prevalence of 0.6 per 1,000 live births, and 

amounts to about 30% of the CP subtype proportion. In children with a birth weight of 

2,500g or more, there is an increase of the uCP subtype.  

The definition of CP gives no etiological explanation. However, with the 

introduction of modern neuro-imaging, we are more informed in detail about the different 

etiological and risk factors. Different etiology will have different consequences with 

concern to cortical and sub-cortical re-organization. 
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In this review chapter we will focus on a vascular event (hypoxic ischemic, HI or 

stroke) as a cause for uCP, using definitions related to gestational age.  

Ultrasound (US) and Magnetic Resonance Imaging (MRI) are not only of importance 

in studying etiology but also can be of help to determine the time the insult took place.  

The clinical presentation of uCP is variable due to the severity and localization of the 

lesion, associated pathology and the aspect of the incident: chronic HI versus acute 

asphyxia. With the introduction of new neuro-imaging techniques, such as functional 

MRI (fMRI) and Diffusion Tensor Imaging (DTI), we are more informed about the 

relation of structure and function and the possibilities of neuronal adaptation. This is of 

utmost clinical importance, because the way the re-organization of neuronal networks 

(ipsi or contra lateral) takes place and the severity and localization of the lesion correlates 

with hand function and bimanual performance and even influences therapy outcome.  

Developmental disuse is a problem typically occurring in uCP and also influencing 

therapy outcome. Evidence of several treatment modalities of unilateral hand function 

problems in children with unilateral CP, i.e., bimanual intensive goal directed treatment, 

constraint induced movement therapy and botulinum toxin A treatment, will be 

discussed.  

 

 

Definition 
 

Cerebral Palsy (CP) describes a group of permanent disorders of development of 

movement and posture, causing activity limitation, that are attributed to non-progressive 

disturbances that occurred in the developing fetal or infant brain. The motor disorders of 

cerebral palsy are often accompanied by disturbances of sensation, perception, cognition, 

communication, and behavior; by epilepsy, and by secondary musculoskeletal problems [1]. 

 

 

Epidemiology 
 

According to a systematic review and meta-analysis the prevalence of CP remains 

constant over the last years at 2.11 per 1000 live births despite the increased survival of at risk 

preterm infants [2]. 

Unilateral spastic CP (uCP), also called hemiplegic CP, has a prevalence of 0.6 per 1,000 

live births, and amounts to about 30% of the CP subtype proportion [3]. MRI findings most 

often observed in uCP are periventricular white matter lesions (PWML), focal periventricular 

gliosis or post-hemorrhagic porencephalic lesions in 36%, cortical or deep gray matter 

lesions, mainly infarcts of the middle cerebral artery (MCA) in 31% and brain 

maldevelopments, mainly focal cortical dysplasia or unilateral schizencephaly in 16% of the 

cases. PWML occur significantly more often in preterm uCP than in term (86% vs. 20%) and 

cortical or deep gray matter lesions significantly less often (0% vs 41%). Brain 

maldevelopments occur in preterm uCP nearly as often as in term uCP (14% vs. 16%) [3]. In 

a Canadian study of 213 children with CP 31.8% had the hemiplegic neurological subtype. Of 

the children with uCP 18.3% had PWML, 12.7% brain malformation, 26.8% cerebro vascular 

accidents, 19.7% gray matter injury, 2.8% intracranial hemorrhage, 15.5% non-specific and 

4.2% had normal neuro imaging findings. Due to an underrepresentation of premature born 

children in the cohort in this study, there was less PWML [4]. Trends in the prevalence of CP 
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in children born with a birth weight of 2,500 g or above in Europe show a decrease in the 

bilateral spastic-CP subtype and an increase in uCP, with a stable prevalence of CP of 0.99 

per 1,000 live birth in 1998 and a significant decrease in neonatal mortality. The prevalence 

of uCP increased significantly from 0.37 to 0.46. The type of CP was spastic in 84.9% of 

cases (bilateral in 45.7%, unilateral in 39.2%) [5]. 

 

 

Incidence, Etiology and Clinical Presentation 

of Perinatal Stroke 
 

Focal brain injury occurs most frequently as a consequence of infarction of the left MCA, 

or more rarely as a consequence of cerebral sinus venosus thrombosis (CSVT). 

Neurodevelopmental morbidity occurs in over 50% of the children [6]. With an incidence of 

1/2800 to 1/5000 new births, perinatal arterial ischemic stroke (PAIS) is the most frequent 

form of cerebral infarction in children [7]. Perinatal ischemic stroke is defined as a group of 

heterogeneous conditions in which there is focal disruption of cerebral blood flow secondary 

to arterial or cerebral venous thrombosis or embolization, between 20 weeks of fetal life 

through the 28th postnatal day, confirmed by neuroimaging or neuropathologic studies. Three 

subcategories can be distinguished: fetal ischemic stroke, diagnosed before birth from fetal 

imaging or in stillbirths on the basis of neuropathological examination; neonatal ischemic 

stroke, diagnosed after birth and on or before the 28th postnatal day (including in preterm 

infants); presumed perinatal ischemic stroke, diagnosed in infants over 28 days of age in 

whom it is presumed (but not certain) that the ischemic event occurred sometime between the 

20th week of fetal life through the 28th postnatal day. The hypothesis is that an infarction that 

occurred later in infancy or childhood would have been symptomatic at the time of the first 

occurrence.  

Risk factors for PAIS are: thrombotic history, infertility, previous pregnancy related 

disorders in the mother; first pregnancy, primiparity, twin pregnancy, pre-eclampsia, 

gestational diabetes, chorioamnionitis, premature rupture of membranes; signs of fetal 

distress, intervention during delivery (notably emergency caesarean section); male sex, 

extreme birth weight, polycytemia, hypoglycemia, meningitis, congenital heart disease, extra-

corporeal membrane oxygenation in the newborn; lipoprotein (a) > 30 ng/ml, factor V Leiden 

and factor II G20210A mutation, antiphospholipid antibodies in either mother or child. 

60% of the infants present early symptoms. In more than 90% the presenting symptoms 

are tonic/clonic seizures, focal in 74%, leading to a status epilepticus in one third of the 

infants. 46 of 100 infants had a persistently altered tone, 36 a decreased level of 

consciousness, and 16 had focal deficit. Confirmation of a suspected infarct from an 

ultrasound (US) scan should be done directly with magnetic resonance imaging (MRI), which 

provides further insight into the timing of the infarct and in the outcome. The development of 

the MRI findings during the first 3 days show there is a short time frame in which the 

neonatal stroke occurs, and makes the hypothesis of a placento-cerebral embolism during 

pregnancy prior to labor less probable. 67% of the infants with corticospinal tract 

involvement on MRI developed hemiplegia (uCP) versus 6% of those without. 26% of these 

infants with neonatal stroke, who were followed until 24 months of age, had motor 

impairments, mostly uCP. 
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In 40% of the infants with PAIS the clinical presentation is delayed. All these children 

present at the age of 5 months with motor problems as early handedness, decreased hand use, 

rigidity of the upper limb or fisting, which has been well observed by the parents while 

playing or dressing. 14 to 25% of these children present with seizures. The timing of the 

clinically silent vascular event leading to stroke is uncertain in these patients in the pre- or 

perinatal period. Also there is uncertainty regarding the mechanisms of the event. In some 

cases the images show a clear arterial ischemic pattern of injury (presumed perinatal ischemic 

stroke), but in other cases the findings are more equivocal and some cases suggest 

periventricular venous infarction, primary parenchymal hemorrhage, or even a non-vascular 

mechanism [7]. Golomb et al. found that 76 of 111 children with PAIS (68%) had cerebral 

palsy, most commonly hemiplegic (66/76; 87%) [8]. Both delayed presentation (presumed 

perinatal infarction) and male sex were associated with CP. Most of the children with 

perinatal co morbidities were children with neonatal presentation. 

 

 

Imaging in Relation to Reorganization 

and Hand Function 
 

De Vries et al. mentioned the additional value of diffusion weighted MRI (DW-MRI) to 

establish cortical tract injury in newborn infants with PAIS. The presence of increased signal 

intensity at the posterior limb of the internal capsule and the cerebral peduncles is followed 

by Wallerian degeneration and development of uCP [9]. This is in agreement with Staudt et 

al. finding a correlation of the total lesion volume and degree of Wallerian degeneration of the 

pyramidal tract at the anterior portion of the posterior limb of the internal capsule at the MRI 

scan, with motor impairment of the hand in adults with congenital hemi paresis due to 

periventricular lesions [10]. 

Central motor reorganization in hemiplegic CP was first investigated by Carr et al. using 

focal transcranial magnetic stimulation (TMS) of the cortex. Two types of reorganization 

patterns were found. In both forms TMS demonstrated novel ipsilateral pathways form the 

undamaged motor cortex to the hemiplegic hand. Ipsilateral projections were not found from 

the damaged motor cortex. In subjects who had intense mirror movements, the corticospinal 

axons descending from the ipsilateral cortex had branched abnormally projecting to each side 

of the spinal cord. This was not the case in subjects without mirror movements. Good EMG 

responses in the hand after TMS of the contralateral cortex corresponded to good hand 

function whereas absent EMG responses meant poor hand function unless mirror movements 

were present [11]. 

Holmström et al. studied the relationship between brain lesions, cortico-motor projections 

and hand function in children with uCP [12]. There was no relation between mirror 

movements and hand function and performance, although the children with clear sensory 

problems performed poorly on hand function assessments. Children with mild PWML 

performed better than children with severe (>50%) white matter loss or children with gray 

matter lesions. In the majority of these severely affected children, there was also involvement 

of the basal ganglia or the thalamus. Children with contralateral motor projections to their 

hemiplegic hand showed better hand function than children with ipsilateral projections. Also 

children with mixed projections performed better than children with ipsilateral projections. 
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Strong mirror movements were only present in children with ipsilateral projections. In the 

group with white matter lesions, all children with contralateral motor-projection patterns had 

mild or moderate white-matter loss, whereas all children with ipsilateral projections had 

severe white-matter loss. All children with basal ganglia abnormalities, irrespective of 

whether the primary lesion was in the periventricular white matter or in the cortical gray 

matter, were in the group with ipsilateral motor projections to the hemiplegic hand. Although 

the most impaired hand function was seen in the ipsilateral motor projection group, some 

children in this group had fairly good ability [12]. With diffusion tensor imaging (DTI) of 

corticofugal fibers clear correlations between hand function and performance in uCP and the 

size of the contralateral corticospinal tract in the cerebral peduncle and the anterior part of the 

posterior limb of the capsula interna were found [13, 14].  

Better hand function, measured with the Melbourne Assessment of Upper Limb Function 

(MUUL) [15], was found in children with PWML than in those with gray matter lesions [16]. 

This was also a conclusion of Holmefur et al., who measured hand function development 

from 1.5 to 8 years of age with the Assisting Hand Assessment (AHA) [17, 18]. Their most 

important finding was that the absence of a concurrent lesion to the basal ganglia and 

thalamus had the highest predictive power of better development of hand function, 

independent of the basic type of lesion. The extent of white-matter damage also predicted 

hand function development. Rose et al. found a significant negative correlation from a 

reduction of volume of the precentral gyrus of children with congenital hemiplegia due to 

periventricular damage and preserved corticospinal tract projections from the damaged 

hemisphere with bimanual performance, measured with the AHA [19]. They also concluded 

that the sensorimotor thalamic pathways correlated more significantly with paretic hand 

functions than did the corticospinal tracts.  

 

 

Developmental Disregard and Treatment Options  

of Unilateral Impairments in Hand Function 
 

An often-occurring problem in children with uCP is developmental disregard. Learned-

non-use was for the first time described by Taub in stroke patients, based on his experimental 

research with deafferentation of one limb by dorsal rhizotomy in monkeys [20]. He 

introduced Constraint-Induced Movement Therapy (CIMT) in stroke patients to improve 

training and use of the affected arm by restraining the non-affected arm. Charles et al. also 

used the term learned-non-use in their publication about the effect of CIMT in children with 

uCP [21]. Unlike adults with hemiplegia, who have had functional use of the upper 

extremities before the time of the insult; children with uCP have not used the involved upper 

limb typically from birth. DeLuca et al. introduced the term developmental disregard in their 

case study of the effect of CIMT in a young developing child [22]. Rather than learned-non-

use, a child may not develop neural pathways involved in movement because of the lack of 

ability to experience age-appropriate sensorimotor stimuli that lead to the development of 

upper extremity skills. 

CIMT has proven to be an effective treatment option in children with uCP to improve 

bimanual performance [23, 24]. Also bimanual intensive movement therapy, BIMT, or 

HABIT, as Charles and Gordon called it, has proven to have a positive effect on bimanual 
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performance, measured with the AHA [25]. Comparing CIMT and BIMT, both treatment 

options lead to improvement in unilateral capacity and bimanual performance with no clear 

difference between these treatment options, yet CIMT seems to have more effect on unilateral 

capacity and BIMT on bimanual performance [26, 27, 28]. In their review of intensive upper 

limb therapy Andersen et al. concluded that although CIMT and BIMT have similar 

improvements in unilateral capacity and bimanual performance outcomes, considering 

participant and caregiver goal achievement, evidence favors a bimanual approach [29]. They 

discussed type and duration of restraint of the unaffected limb in CIMT, and age of treatment. 

BIMT is an option in children with severe hand function impairments, or children who have 

clear bimanual goals in which the assistance of the affected hand is needed. In both treatment 

options, intensity of treatment influences outcome. After botulinum toxin A (BoNT-A) 

injections CIMT offered no added value compared to less intensive bimanual occupational 

therapy (OT) in improving bimanual performance [30]. 

According to the Cochrane review BoNT-A injections in the upper limb in uCP clearly 

reduce spasticity and improve range of motion [31]. Comparing BoNT-A and OT aimed at 

improving bimanual skills with OT alone, the effect on unilateral capacity is questionable. 

Review of the pooled data showed small positive effects at the MUUL and the Quality of 

Upper Extremities Skills Test (QUEST) [32] at three months after BoNT-A, which 

disappeared at 6 months. No bimanual performance outcome measures were used. There were 

clear positive effects at Goal Attainment Scaling (GAS) and limited positive effects at the 

Canadian Occupational Performance Measure (COPM). Olesch et al. studied very young 

children (mean age 3 years 8 months) with uCP. They found no significant differences 

between BoNT-A + OT and OT alone at the QUEST, but also positive effects at GAS of 

BoNT-A + OT [33].  

 

 

Effects of Several Treatment Modalities  

on Brain Structure and Imaging 
 

Comparing the therapeutic response of BoNT-A injections with physiotherapy with 

physiotherapy alone using DTI and clinical scores in diplegic CP children a significant 

change in motor and sensory fiber bundle sizes and improvement in clinical scores were 

found due to physiotherapy, but no additional effect of BoNT-A was found [34]. In a study 

investigating whether the type of cortical reorganization (identified by TMS) influenced the 

efficacy of CIMT in adolescents with uCP, both patients controlling their affected hand via 

ipsilateral corticospinal projections from the contralesional hemisphere and patients with 

preserved crossed corticospinal projections from the affected hemisphere to the affected hand 

significantly improved in quality of upper extremity movements. This was accompanied by a 

significant gain of speed in patients with preserved crossed projections, whereas patients with 

ipsilateral projections tended to show speed reduction [35]. The patients with preserved 

contralateral projections had a unilateral corticosubcortical infarction in the MCA territory 

and those with ipsilateral projections from the contralesional hemisphere had PWML. In a 

later publication of this research group about the same study population, two types of 

exercise-induced neuroplasticity were revealed [36]. Individuals with ipsilateral corticospinal 

projections had a decrease in transsynaptic premotor cortex excitability (measured by TMS) 
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and a decrease in synaptic activity of the primary motor cortex during active movements of 

the paretic hand (measured by functional MRI) after CIMT, whereas patients with 

contralateral projections after CIMT showed an increase in primary motor cortex excitability 

and also in activation in the sensorimotor cortex. Both individuals with ipsilateral and those 

with contralateral projections showed evidence for significant increase in synaptic activity of 

the sensory cortex during stimulation of the paretic hand (measured with magneto 

encephalography) after CIMT. Also after CIMT, Islam et al. found improvement in 

movement speed of the affected hand and in bimanual performance, measured with the AHA, 

but not in MUUL scores, irrespective of corticomotor projection patterns [37]. In their study 

with kittens, in which the primary motor cortex activity was blocked unilaterally during a 

critical postnatal period, Friel et al. found that early training of the affected limb in 

combination with restraint of the unaffected limb restored the corticospinal tract (CST) 

connections, improved primary motor cortex (M1) activity and increased spinal interneuron 

number on the contralateral, relative to the ipsilateral side, and abrogated limb control 

impairments [38]. Delayed training in adolescence restored CTS connections and M1 activity, 

but not contralateral spinal interneuron numbers or motor performance. Restraint alone only 

restored CST connectivity. 

 

 

Conclusion 
 

UCP has a prevalence of 0.6 per 1,000 live births and amounts to about 30% of the CP 

subtype proportion. In children born with a birth weight of 2,500 g or above there is an 

increase in prevalence.  

MRI findings most often observed in uCP are PWML, gray matter lesions, mainly 

infarcts of the MCA, and brain maldevelopments.  

PAIS is the most frequent form of cerebral infarction in children. Risk factors for PAIS 

are mentioned. 60% of the infants with PAIS have early symptoms, mostly tonic/clonic 

seizures; in 40% there is a delayed clinical presentation at the age of 5 months with motor 

problems as early handedness. 

There is a correlation of the total lesion volume and degree of Wallerian degeneration of 

the pyramidal tract at the anterior portion of the posterior limb of the internal capsule at the 

MRI scan, with motor impairment of the hand. There are two types of central motor 

reorganization in uCP. Children with contralateral motor projections to their hemiplegic hand 

have better hand function than children with ipsilateral projections. Strong mirror movements 

are only present in children with ipsilateral projections. All children with basal ganglia 

abnormalities, irrespective of whether the primary lesion is in the periventricular white matter 

or in the cortical gray matter, are in the group with ipsilateral motor projections to the 

hemiplegic hand. Better hand function was found in children with PWML than in those with 

gray matter lesions. The absence of a concurrent lesion to the basal ganglia and thalamus has 

the highest predictive power of better development of hand function, independent of the basic 

type of lesion. The sensorimotor thalamic pathways correlate more significantly with paretic 

hand functions than the corticospinal tracts. 

An often-occurring problem in children with uCP is developmental disregard. Comparing 

CIMT and BIMT, both treatment options lead to improvement in unilateral capacity and 
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bimanual performance with no clear difference between these treatment options, yet CIMT 

seems to have more effect on unilateral capacity and BIMT on bimanual performance. 

Comparing BoNT-A and OT aimed at improving bimanual skills with OT alone, the effect of 

BoNT-A on unilateral capacity is questionable. 

Individuals with ipsilateral corticospinal projections had a decrease in transsynaptic 

premotor cortex excitability and a decrease in synaptic activity of the primary motor cortex 

during active movements of the paretic hand after CIMT, whereas patients with contralateral 

projections after CIMT showed an increase in primary motor cortex excitability and also in 

activation in the sensorimotor cortex. Both individuals with ipsilateral and those with 

contralateral projections showed evidence for a significant increase in synaptic activity of the 

sensory cortex during stimulation of the paretic hand after CIMT. In an animal study early 

training of the affected limb in combination with restraint of the non-affected limb is more 

effective in restoring central nervous system structure, than training in adolescence or 

restraint alone. 

Therefore, knowing the type of cortical reorganization pattern can be useful in the choice 

of the treatment modality, although improvement of bimanual performance after CIMT was 

obtained irrespective of the corticomotor projection pattern. Neural plasticity mechanisms in 

the developing brain are enhanced, which have positive and negative implications. Exercise 

leads to improvement of trained skills by reorganization of neuronal networks with more 

effect if training takes place at younger age, in which there is a post-natal burst in 

synaptogenesis followed by activity-dependent pruning of excessive synapses later in the 

post-natal period. Due to the vulnerability associated with plasticity of the developing brain, 

environmental enrichment has a positive effect on learning and memory ability, but sensory 

deprivation has negative effects, because developing neurons are dependent on a stable level 

of neuronal depolarization and are vulnerable to loss of stimulation by excitatory 

neurotransmitters [39]. Increasing skilled activity of the affected limb in bimanual 

performance from an early age on seems to be important to improve optimal regeneration of 

the CST and promote possible contralesional hemisphere cortical projections. Restricting 

movement of the less affected upper limb for long periods of time without training of the 

affected limb may disrupt the normal development of the CST and its cortical projection 

patterns. Therefore, restriction of the less affected upper limb should be done moderately at 

early age. Training of the affected limb from early age on, as an assisting hand in bimanual 

play and meaningful skills to achieve bimanual goals, seems to be supported by this evidence. 
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