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ABSTRACT 

 

 

This study assesses the hemispheric lateralization of language function and neurocognitive 

outcome of children with paediatric stroke and healthy controls. 20 children (aged 6 to 14, 8 

left-, 11 right- and 1 mixed-handed), 13 with left arterial ischaemic stroke and 7 healthy 

controls were examined. Images of activated language areas were obtained using a 1.5 T 

Magnetom Symphony MRI scanner (FLAIR, T1-weighed; data analyzed with SPM8 using 

the General Linear Model). The Lateralization Index was computed for all subjects. 

Neuropsychological assessment was performed using the Neuropsychological Test Battery 

NEPSY. The data was collected into SPSS 17 and analysed using the Mann-Whitney U test 

and Spearman rho correlation. Controls showed left hemispheric dominance during the motor 

speech (Word) task, however the receptive speech (Sentence) task yielded a more variable 

picture: 3/7 showed left hemispheric dominance and 4/7 showed right hemispheric 

dominance. A key finding in controls was that normal language development and 

lateralization is an ongoing process during the prepubertal period and is different for the 

motor speech being more left-lateralized as opposed to the bilaterally distibuted function of 

receptive speech, which has not yet completely lateralized. In patients, 8/13 also showed 

typical (left) lateralization. An important finding in patients was that on average, both the 

motor and receptive speech were lateralized to the left hemisphere - most likely due to lack of 

neuroplastic resource for reorganization. In terms of neurocognitive performance of patients, 

an important find was that sensorimotor and visuospatial abilities suffer the most in patients 

with atypical lateralization of motor speech function, most likely due to neurocognitive 

crowding. In conclusion, this study proves that functional imaging and neuropsychological 

assessment are valuable tools to use in conjuction when studying language lateralization in 

children.  

 

KEYWORDS AND ABBREVIATIONS: neurocognitive outcome, lateralization index 

(LI), paediatric stroke, functional magnetic resonance imaging (fMRI), neuropsychological 

assessment battery (NEPSY), left hemisphere (LH), right hemisphere (RH), semantic 

comprehension (SC), verb generation (VG) 
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THEORETICAL BACKGROUND 

 

Development of hemispheric lateralization 

 

 It is widely accepted that in most right-handed and a minority of left-handed people, the 

left hemisphere is responsible for the majority of speech generation (Saur et al, 2006). The 

development of language involves many areas of the brain, including the superior temporal 

(Wernicke’s area) and inferior frontal (Broca’s area) gyri of the left hemisphere (Thulborn et 

al, 1999) for speech comprehension and production, respectively, as noted by the so-called 

aphasia model. There is ample evidence that left hemispheric dominance for language is 

present very early in life (Dehaene-Lambertz et al, 2002) and that it becomes more left 

lateralized throughout childhood (Schlaggar et al, 2002; Szaflarski et al, 2005). In a young 

neonate, hemispherical differences of speech perception and expression are practically 

nonexistent (Ressel et al, 2008); lateralization starts developing from the 3rd month after 

birth. However, the infant brain is not a tabula rasa; it is already highly differentiated at 

birth, and certain regions are subtly biased from the beginning toward modes of information 

processing that are particularly useful for language, leading (in the absence of focal injury) to 

the normal form of brain organization for language (Bates, 1999).  

 

A brief history of studies of lateralzation and functional reorganization    

 

 Dating as far back as the Kennard principle (Kennard, 1936), scientists have observed 

the plastic abilities of the eloquent cortex. Even before, in 1897, Sigmund Freud wrote that “. 

. . where aphasia occurs as a direct focal symptom because the lesion has destroyed the left-

sided speech tract, a compensation can take place since the right cerebral half can take over 

the speech function. . .” This concept of a compensatory shift of language to the right 

hemisphere is the earliest and currently most prominent view by which delayed, but normal, 

language development emerges after cortical damage. In one of the first series of studies on 

the subject (Basser, 1962; Annett, 1973; Hécaen, 1976; Smith, 1984), no deficits were 

observed in the linguistic development of children who had undergone hemispherectomy to 

control intractable seizures originating in the left or right hemisphere, or in the language 

outcome of children with unilateral brain injuries from cerebrovascular pathologies. In 

contrast, other studies have revealed persistent albeit subtle language deficits, despite an 

apparent recovery at the clinical level (Vargha-Khadem, O’Gorman and Watters, 1985; Riva 
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and Cazzaniga, 1986; Aram, Ekelman and Whitaker, 1987);. These contrasting findings have 

been cited in defense of two conflicting beliefs about the initial state of the human brain prior 

to language learning (Satz, Strauss and Whitaker, 1990): hemispheric equipotentiality (either 

hemisphere can support normal language functions, and  can do so equally well) vs. early 

hemispheric specialization (a preference for left-hemisphere mediation of language is present 

from the beginning, and can never be completely overcome) (Vicari et al, 2000). Early 

studies in this field also highlighted the surprisingly good outcomes that are often observed in 

children with early focal brain lesions, results that seemed to suggest the two hemispheres 

are, at birth, equally capable of mediating language functions (e.g., Basser, 1962; Hécaen, 

1976; Smith, 1984).  

 Because there is at least some evidence in favor of both hypotheses (equipotentiality 

and early hemispheric specialization), the question has remained open. Is the immature brain 

able to compensate for damage to specific brain areas? Or is left-hemisphere specialization 

for language innate and irreversible, present from the earliest stages of development? Some 

of these contradictory results on linguistic and cognitive abilities of children with early focal 

brain lesions may reflect methodological factors, including changes over time in the accuracy 

of lesion identification, variations from one laboratory to another in inclusionary and 

exclusionary criteria (including age of lesion onset, presence/absence of seizures, and 

etiology), and the age and level of development at which language outcomes are measured 

(Bates, Vicari and Trauner, 1999). Although there may be a strong initial bias toward left-

hemisphere specialization for language, the nondominant hemisphere may acquire and 

mediate language successfully in particular conditions, for example in cases of early focal 

brain lesions (Bates and Marchman, 1998; Bates, Vicari and Trauner, 1999). Thus, a focal 

lesion within the left hemisphere may result in an initial delay in the first stages of linguistic 

development, in comparison with normal children and in children with early right-

hemisphere damage.  

 In sum, during a language task in a left-lesioned brain, right hemispheric activation 

essentially mirrors the normal left hemispheric activation pattern in healthy controls (Muller 

et al., 1999; Staudt et al., 2002a; Guzzetta et al., 2008; Tillema et al., 2008). Additionally, 

the young brain has bigger capacity for neural restitution for language, via either neural 

regrowth or anatomical reorganization (Kolb, 2004; Giza, 2006, Anderson et al, 2009). 

Functional recovery appears to be connected to activation of homologous regions of the 

contralateral hemisphere. 
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Variables of functional reorganization 

 

 In some cases it is thought that the degree of left or right hemispheric lateralization 

after injury relates to the size of the lesion and/or depends on whether the lesion occured on 

language-specific territories – Rasmussen and Milner presented this idea already in 1977. 

Lesions outside of the classically referred language areas can also lead to right hemispheric 

lateralization of language functions (Liegeois et al., 2004; Staudt et al., 2001). These findings 

fit with an ‘interactive’ view of normal language development (Johnson, 2001), which 

suggests that normal developmental mechanisms interact with early onset pathology to yield 

alternative developmental trajectories. In this view, the alternative developmental trajectory 

and eventual functional neuroanatomy after early left hemisphere damage varies across 

subjects depending on the location, size and timing of the lesion (Fair, Brown, Petersen, and 

Schlaggar, 2006; Moses and Stiles, 2002, Westmacott et al, 2010).  

 

Functional imaging as a tool for investigating functional reorganization 

 

 Recently, scientists have embraced non-invasive neuroimaging methods such as fMRI 

to further investigate the neuroplasticity-related recovery following cerebral injury. The 

difficulty of language comprehension during reading has been demonstrated to be inversely 

related with the degree of cortical activation (Just et al, 1996). Studies in adults who suffered 

strokes (Cao et al, 1999; Thulborn, Carpenter and Just, 1999; Carmichael, 2003; Fernandez et 

al, 2004) have attempted to determine whether recovery from aphasia is due to reorganization 

within the affected hemisphere or if language processing is more likely subserved by 

corresponding cortical areas in the contralateral hemisphere (Price and Crinion, 2005).  Both 

patterns have been demonstrated, suggesting that multiple factors may influence post-stroke 

reorganization and recovery shown by the brain imaging techniques. 

 Functional neuroimaging studies have shown several different cortical reorganization 

patterns corresponding to language function following early focal brain injury. Studies in 

adults using the intracarotid Amobarbital procedure (Rasmussen and Milner, 1977; Satz et al, 

1988) and PET (Muller et al, 1999; Lazar et al, 2000) have revealed a right hemispheric shift 

of language dominance when the left hemisphere language areas were affected by an early 

injury. In contrast, other studies in children have found that areas of activation may be 

displaced within the affected left hemisphere (DeVos et al, 1995; Duchowny et al, 1996). 
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Newer studies using fMRI have produced similarly inconsistent results; some have shown 

that early subcortical damage resulted in dramatic right hemisphere reorganization of 

language functions (Staudt et al, 2001; Brielmann et al, 2002; Staudt et al, 2002b), whereas 

others have found less striking contralateral reorganization following lesions with a later 

onset (Vikingstad, 2000; Liegois, 2004). There are only few case reports describing a shift in 

language dominance to the right hemisphere following perinatal stroke (Heller, 2005). 

Among very recent studies, Everts (2010) and Westmacott (2010) can be brought out.  

 

Paediatric stroke: a model for studying functional reorganization 

 

 To date, the mechanisms of redistribution of functional language areas following 

early left cortical injury remain unclear. The wide variability in the results of studies focusing 

on post-stroke language recovery in patients with early injury is likely related to differences 

in inclusion/exclusion criteria, timing of evaluation after the insult and different techniques 

and data analysis methods. Following stroke in early life, it remains unknown exactly how 

the size, location, age of onset, and type of lesion (e.g. cortical/subcortical) as well as other 

complicating factors (e.g., epilepsy) affect cortical regions and their connections responsible 

for language functions. 

 A model for understanding the mechanisms of functional reorganization after early 

vascular brain damage is the study of paediatric stroke cases. Paediatric stroke is a 

neurological disease which has been getting increasingly frequent in number of diagnoses all 

over the world (Rapp and Torres, 2000). The pathophysiology of paediatric stroke has gained 

scientific attention only during the last decades, hence the genetic predispositions, the 

neurobiological correlates of lesion outcome and rehabilitational possibilities have yet to be 

understood completely.  

 

Subtypes of paediatric stroke 

 

 Paediatric stroke engage the both stroke types: perinatal and childhood stroke. Studies 

of the language and cognitive outcomes associated with early focal brain lesions like 

perinatal stroke have sometimes produced contradictory results, for children with congenital 

injuries (pre- and perinatal) and for children whose injuries were acquired in the first months 

of life (peri- and neonatal). Perinatal ischaemic stroke is a cerebrovascular event occurring 
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around 20 gestation weeks to 28 days after birth with pathological radiological evidence of 

focal arterial infarction. Most studies have combined both prenatal (from 20 weeks from 

gestation to 7 days after birth) and neonatal (under 28 days old) events. As currently 

understood, perinatal stroke is chiefly, although not exclusively (de Vries et al, 1997), a 

disorder of term or near-term infants. Early reports of perinatal stroke defined cases based on 

autopsy criteria (Barmada et al, 1979), while recent series have based diagnoses on 

neuroimaging criteria, including MRI. Injuries undergone after the perinatal stroke period are 

collectively termed acquired or childhood stroke (29 days – 18 years). The incidence rate of 

perinatal stroke has been shown to be between 17.0 and 20.0 per 100,000 live births (Wu et 

al., 2004; Lee et al., 2005). For acquired (or childhood) stroke, the number has shown to be 

2.3 (Fullerton et al, 2003). In Estonia, the incidence rates are 63 and 2.73, respectively 

(Laugesaar, 2010). 

 

Neurocognitive outcome of perinatal stroke 

 

Children sustaining brain injury before age 2 years recorded general and significant 

neurocognitive deficits, with pre- and perinatal stroke being particularly detrimental 

(Anderson et al, 2009). Perinatal stroke, an event that occurs most often in the territory of the 

left middle cerebral artery (MCA), can devastate classical language areas in the left frontal 

and temporal regions (Broca & Wernicke) as well as connecting structures such as the 

arcuate fasciculus. In children with perinatal stroke, the remarkable plasticity of the 

developing brain in both cognitive and motor functioning has been well documented (de 

Veber et al, 2000; Max, 2004; Nelson and Lynch, 2004). The overall cognitive and motor 

outcomes are better in this group of patients compared to those with similar insults occurring 

later in life (Chapman et al, 2003; Max, 2004) as documented by studies investigating the 

impact of early brain lesions on cognitive functioning (Chilosi, 2001). These findings support 

the notion that early rather than late brain injury leads to a more complete linguistic recovery 

associated with more pronounced cortical plasticity. 

 In children, the phenomenology of perinatal stroke usually consists of, in addition to 

hemiparesis, developmental, speech, learning and behavioral deficits (Ilves, 1999; Kolk and 

Talvik, 2000; Kolk et al, 2001). Children with left hemisphere perinatal stroke are capable of 

acquiring relatively normal language functions despite experiencing a cortical insult that in 

adults often leads to devastating lifetime disabilities (Fair, 2009). We can although assume, 
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that after a perinatal stroke, the speech network is suitably migrated to the undamaged parts 

of the brain (Voets et al, 2006) and speech function has a better prognosis of being spared of 

deficit. Various levels of general neurocognitive dysfunction have been demonstrated in 

several studies (de Veber et al, 2000; Gordon et al, 2002; Härtel et al, 2004; Westmacott et 

al, 2007). There are only a few studies that have shown relationships between stroke, 

functional imaging and/or cognitive outcome (Everts et al, 2010; Westmacott et al, 2010). 

 Paediatric stroke involving both cortical and subcortical regions has been shown to be 

more detrimental to cognitive outcome than stroke affecting either cortical or subcortical 

tissue (Westmacott et al, 2010). 
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OBJECTIVES AND HYPOTHESES OF STUDY 

 

The aim of the present study is to examine:  

a) the lateralization of language functions in healthy children; 

b) the lateralization of language functions in children after unilateral (left hemisphere) 

stroke;  

c) the differences between the two groups’ lateralization indices; 

d) the relationships of cognitive outcome and the lateralization index of the subject; 

Our hypotheses are: 

a) mean LI of healthy children is > 0.2 (lateralized to the left); 

b) mean LI of children with unilateral stroke is < 0.19 (lateralized to the right or 

bilateral); 

c) there is a significant difference between control and patient LI’s and 

neuropsychological data; 

d) neurocognitive score and LI are related; in patients, a negative LI will yield a higher 

neurocognitive score in language 
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PARTICIPANTS AND METHODS 

 

Patients 

 

 13 children of both sexes aged 6 to 14 (7 girls and 6 boys, mean age 11.5) were 

recruited through the Children’s Clinic of the Tartu University Hospital. All children are 

Estonian speakers and were included in the study based on evidence of left hemisphere 

paediatric stroke.  

 

Table 1. Subject characteristics 

P1-13 – patients; C1-C7 – controls; LH – left hemisphere;  

 

 The mean age at stroke was 1.7 years. The mean age at functional MRI scan was 11.5 

years. The mean interval between stroke and neuropsychological assessment was 9.8 years. 

There were 8 left-handed, 4 right-handed and a one mixed-handed patient (see Table 1). 

Informed consent from parents was obtained. 

ID Sex 
Age at 

stroke  

(years) 

Age at 

scan 

(years) 

Side 

of 

stroke 

Handedness Hemiparesis Epilepsy Aphasia 

P1 F 0 9.8 LH left right x  

P2 M 0 11.2 LH right right x  

P3 M 0.1 14.5 LH mixed right x  

P4 F 0 11.9 LH left right x  

P5 F 0 11.0 LH left right x  

P6 F 0 10.0 LH left right x  

P7 M 0 13.0 LH right  x  

P8 F 0 12.8 LH left right   

P9 M 2 12.2 LH left right  x 

P10 M 2.7 13.8 LH right right x x 

P11 M 11.3 12.0 LH right right x  

P12 F 0.1 11.5 LH left right   

P13 F 6.3 6.3 LH left right x x 

C1 F  9.8  right    

C2 M  11.7  right    

C3 F  12.2  right    

C4 F  9.9  right    

C5 M  11.0  right    

C6 M  13.9  right    

C7 F   10.1   right       
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Controls 

 

 7 right-handed children of both sexes aged 9 to 13 (4 girls and 3 boys, mean age 11.2) 

were recruited. All children are native Estonian speakers and were included in the study 

based of absence of history of neurological or psychiatric disorders and they were not taking 

chronic medication affecting the central nervous system. All children were right-handed. 

Mean age at scan was 11.2 years (see Table 1). Informed consent from parents was obtained. 

  

 Lesion localization 

 

  All patients suffered left hemisphere stroke. 10 patients had right hemiparesis. 3 had 

acute aphasia, which later subsided. 5/13 patients had frontal, 4/13 parietal damage, 1/13 

sustained damage on the precentral gyrus. 9/13 patients had left lateral ventricle enlargement, 

1/13 sustained enlargement of  the third ventricle. 6/13 patients sustained damage to the basal 

ganglia and 3/13 to the corpus callosum. 7/13 had periventricular lesions, 4/13 porencephalic 

lesions and 10/13 white matter lesions. 2/13 had middle cerebral artery occlusion and  2/13 

had developed an atrophic LH. To summarize, 5/13 patients had both cortical and subcortical 

damage, 7/13 had subcortical and 1/13 cortical damage only. Details can be seen in Table 2. 
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      Table 2. Lesion characteristics 

 LH – left hemisphere; left lat ventr. – left lateral ventricle; third ventr. – third ventricle; periventr. – periventricular; porenc. – porencephalic; MCA occl. – middle cerebral artery 

occlusion; LH atrophy – left hemisphere atrophy; 

  Side Cortical lesion Subcortical lesion     

Case LH Frontal Parietal 
Precentral 

gyrus 

Left lat. 

ventr. 

enlargement 

Third 

ventr. 

Basal 

ganglia 

Corpus 

callosum 

Periventr. 

lesion 

Porenc. 

lesion 

White 

matter 

lesion 

MCA 

occl. 

LH 

Atrophy 

P1 x x x  x     x x  x 

P2 x        x  x   

P3 x    x  x  x  x   

P4 x  x    x   x x   

P5 x x  x      x    

P6 x    x   x x  x   

P7 x    x  x x   x   

P8 x x   x x    x   x 

P9 x    x  x  x  x   

P10 x    x  x  x  x   

P11 x x x     x   x   

P12 x    x    x  x x  

P13 x x x   x   x   x     x   
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Language-specific brain area activation tasks 

 

Verb generation to nouns is a commonly employed verbal fluency paradigm 

(Schlaggar et al., 2002). It’s based on a task initially developed for PET imaging (Petersen, 

Fox, and Posner, 1988). A 40 s on–off block-design fMRI paradigm will be used (Table 3). 

The verb generation (VG) task involves the presentation of a series of nouns. We elected to 

use audio presentation because we have found that it produces stronger lateralization than 

visual presentation of noun prompts (Holland et al., 2001). The subject hears a noun every 5 s 

and is required to silently generate a verb associated with that noun during the 5 s interval. 

For example, if the noun ‘ball’ is presented, the subject might generate the verbs ‘throw’, 

‘kick’, and ‘hit’. The subject is instructed to think the verbs silently, without saying them, in 

order to minimize the motion artifact associated with speech. This will target the frontal areas 

of the brain (motoric speech; Broca’s area). Secondly, a similar task, the semantic 

comprehension task (SC) (Kaan and Swaab, 2002), will be administered; however, this will 

mostly focus on the sensory comprehension area in the temporal cortex (receptive speech; 

Wernicke’s area). The subject is presented with simple sentences whereby he or she must 

silently discriminate the valid from the invalid ones during a 5 s period (e.g. the bird is flying 

– valid; the ship is flying – invalid).   

 

      Table 3. Division and duration of tasks 

Time 

Task Series 

# of 

stimuli in 

series 

# of 

series Latency 
Length Sum 

Activation 8 5 5 sec 40 sec 200 sec 

VG Control 0 5 0 sec 40 sec 200 sec 

Activation 8 5 5 sec 40 sec 200 sec 

SC Control 0 5 0 sec 40 sec 200 sec 
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Unilateral finger tapping is used as the control task for the VG as well as the SC task; 

the controls use their right hand and the patients use their healthy hand. In order to parallel 

the initiation of response when a noun is presented in the tasks and to provide control for 

auditory stimulation, the subject is asked to tap his or her fingers against the thumb 

sequentially for one cycle each time the order is heard via the earphones. The order is 

presented at 5 s intervals during the 40 s control blocks to parallel the timing of the nouns 

presented during the task blocks. This control task accomplishes three objectives:  

 

(1) to provide control for activation associated with sublexical auditory processing;  

(2) to prevent the subject from continuing to generate verbs during the control period; and  

(3) to provide a reference area of activation within the motor strip as an independent means 

of validating subject compliance.  

 Children are trained to complete the tasks prior to entering the scanner. An alternative 

set of verbs is used for the training session as not to influence the performance. All the stroke 

subjects have had their fMRI performed prior to the application of this recall measure at the 

hospital. A verbal feedback will be taken after the administration of the task to ensure subject 

compliance.  

 

fMRI data acquisition and analysis 

 

 A 1.5 T Magnetom Symphony MRI scanner (Siemens Medical Systems, Erlangen, 

Germany) will be used. Axial images will be obtained using the FLAIR contrast, anatomical 

images will be T1-weighed 3D (176 sagittal layers, a matrix of 224 x 256, voxel size 1 x 1 x 

1 mm
3
). Functional images will be analysed using the EPI sequence (TR=4030ms; TE=50ms; 

26 axial layers with a thickness of 3 mm; layer distance 0,75 mm; a matrix of 64 x 64; voxel 

size 3 x 3 x 3,75 mm
3
). ROIs were masked according to Brodmann maps. Raw data is firstly 

analysed by the system software Syngo MR A30 (Siemens Medical Systems). Supplementary 

analysis is performed using the SPM8 (Wellcome Trust Centre for Neuroimaging, University 

College, London, UK) which functions on the basis of Matlab (Mathworks, Natick, MA, 

USA). The data is aligned, normalized and smoothed using SPM algorithms and brain 

templates. The final analysis is made using GLM (General Linear Model), using the block 

design in convolution with the function of hemodynamic reaction. The significance level is p 

< 0.01. 
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Lateralization Index 

 

 

 The Lateralization Index (LI) will be calculated as the sum of activated pixels in the 

left hemisphere region of interest (ROI) minus the sum of activated pixels in the right 

hemisphere ROI divided by the sum of activated pixels in the left and right hemispheres [LI = 

(!L - !R)/(!L + !R)]. This formula yields values between - 1 (only right hemispheric 

activation) and + 1 (only left hemispheric activation) (Wilke et al, 2006). Values between - 

0.2 and + 0.2 are interpreted as bilateral activation (Holland et al, 2001).  

 

Neuropsychological assessment 

 

The neuropsychological assessment test battery NEPSY will be used to examine the 

level of cognitive performance after injury. The Developmental Neuropsychological 

Assessment (NEPSY) is an instrument that endeavors to provide a comprehensive 

neuropsychological test battery for children ages 3–12 years. Touted as resting on Lurian 

theory, the NEPSY measures brain-related attention/executive function, language, memory, 

sensorimotor and visuospatial skills via child-oriented materials and procedures. Most 

validity evidence in support of the NEPSY comes indirectly in the domain (cluster) or subtest 

scores on the Finnish NEPSY when children with documented brain impairment or 

developmental conditions were studied (Kemp, Korkman and Kirk, 2001). 4 domains shall be 

assessed: Language (Receptive and Motor Speech), Visuospatial, Sensorimotor and 

Executive function. Of the language domain, the tests Phonological Processing, Speeded 

Naming, Comprehension of Instructions, Verbal Motor Series and Verbal Fluency shall be 

administered. Of the Visuospatial domain, the tests Block Construction, Arrows and 

Pathfinding shall be administered. Of the Sensorimotor domain, the tests Imitating Hand 

Movements, Imitating Hand Positions and Finger Tapping shall be administered. To assess 

Executive function, the Tower test shall be administered. 

 

Statistical analysis 

 

Bivariate two-tailed correlations (Spearman’s rho) were calculated to compare the 

relationships between neuropsychological data, lateralization indices (direction of activation) 

and lesion type. To address the differences of these variables, a Mann-Whitney U test was 

used. 
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RESULTS 

 

Language development and lateralizaton in controls and patients 

 

The left side of Table 4 shows lateraliation indices (LI) in Broca and Wernicke areas 

during Word and Sentence tasks. Figure 2A shows subjects’ neurocognitive performances 

compared to the different LI groups (Word task activation of Broca area). Figure 2B shows 

subjects’ neurocognitive performances compared to the different LI groups (Sentence task 

activation of Wernicke area).   

 

 Table 4. Laterality indices and neuropsychological data of subjects 

  * P – patient, C – control; ** The scale of neuropsychological assessment is 1-16, the normal range is 7-13; 

  - data not available; left lateralization is shown in bold, right lateralization is shown in italic; 

 

 

 

Lateralization Index Neuropsychological assessment scores**  

  

Subject* 
Broca's area 

(B44+45) 

Word task 

Wernicke's 

area (BA22) 

Sentence task 

Receptive 

Speech 

Motor 

Speech 
Motor 

Visuo-

spatial 

Token 

test 

P1 -0.85 -0.59 9.7 11.0 3.3 5.5 10 

P2 0.46 0.17 9.3 9.7 11.3 9.3 15 

P3 -0.03 - 9.7 8.0 7.0 6.7 11 

P4 0.13 0.14 8.0 7.0 5.7 9.3 10 

P5 -0.10 0.44 5.7 11.7 7.0 3.0 1 

P6 -0.09 -0.30 9.7 8.3 3.5 7.0 8 

P7 0.63 -0.07 8.0 8.3 5.7 8.0 11 

P8 0.25 -0.66 1.0 2.0 1.0 1.0 10 

P9 0.34 0.50 13.7 10.7 7.0 12.0 8 

P10 0.46 0.60 4.3 7.7 7.7 3.3 11 

P11 0.43 0.36 2.3 2.7 1.7 3.0 1 

P12 0.68 0.41 4.7 6.0 6.3 4.0 4 

P13 0.64 - 3.0 4.0 1.0 2.5 4 

C1 0.67 0.44 8.3 8.7 9.0 10.3 11 

C2 -0.20 -0.35 7.7 4.7 10.3 11.7 13 

C3 0.80 0.57 10.3 12.0 12.0 11.0 11 

C4 -0.15 -0.20 10.3 10.7 10.0 7.7 12 

C5 0.72 0.50 7.7 8.3 13.0 11.5 18 

C6 0.78 -0.40 9.3 10.0 12.5 - 14 

C7 0.11 -0.39 7.3 11.0 11.5 12.0 16 
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In controls, the language tasks elicited LH dominance in Broca’s area (B44 & B45) 

and bilateral dominance in Wernicke’s area (B22) (Word task mean LI=0.390, SD=0.452 and 

Sentences task mean LI=0.024, SD=0.454, respectively). During the Word task, 4/7 subjects 

showed LH dominance and 3/7 showed bilateral activation. During the Sentence task, 3/7 

subjects showed LH dominance, 3/7 subjects showed RH dominance and 1/7 showed 

bilateral activation. In patients, we found that the language tasks elicited LH dominance in 

Broca’s area (B44 & B45) and bilateral dominance in Wernicke’s area (B22) (Word task 

mean LI=0.241, SD=0.414 and Sentence task mean LI=0.075, SD=0.440, respectively). 

During the Word task, 8/13 patients showed LH dominance, 1/13 showed RH dominance and 

4/13 showed bilateral activation. During the Sentence task, 5/13 subjects showed LH 

dominance, 3/13 showed RH dominance and 3/13 showed bilateral activation. Data of 

subjects P3 and P13 was compromised by movement artifacts.  

Single control analyses showed LH dominance in the Broca area during the Word task 

and in the Wernicke area during the Sentence task for C1, C3 and C5 (Table 3). C4 exhibited 

bilateral activation in the Broca and Wernicke areas during the Word task and the Sentence 

task, respectively. C2 and C7 showed bilateral activation in the Broca area during the Word 

task and RH dominance in the Wernicke area during the Sentence task. C6 showed LH 

dominance during in the Broca area during the Word task and RH dominance in the 

Wernicke area during the Sentence task. Single patient analyses showed LH dominance in the 

Broca area during the Word task for patients P7-P13 as well as P2 (Table 3). Bilateral 

activation in the Broca area during the Word task was observed in patients P3-P6. RH 

dominance was shown in Broca area during the Word task for a single patient – P1. P1 also 

exhibited RH dominance in the Wernicke area during the Sentence task. RH dominane in the 

Wernicke area during the Sentence task was also observed in patients P6 and P8. LH 

dominance in the Wernicke during the Sentence task area was shown by patients P9-P12 as 

well as P5. P2, P4, and P7 showed bilateral activation in the Wernicke area during the 

Sentence task. LI’s did not significantly differ between patient and control groups. 

 

Differences of neuropsychological data and lateralization 

 

The details of neuropsychologicald data is presented on the right side of Table 4 as 

well as Figure 1. Significant differences between controls and stroke children were found in 

performances of the Visuospatial (p < 0.05), Motor (Sensorimotor) (p < 0.05) and Executive 

domains (Token test) (p=0.006). 
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Figure 1. Neuropsychological asessment scores 

Asterisks (*) indicate significant differences between the scores of controls and patients 

 

Figure 2a shows that during the Word task, Receptive and Motor Speech scores 

depended on the side of the activation - among those who exhibited left Broca activation 

during the Word task, the scores were lower than those who exhibited right Broca activation.  

Figure 2b shows that during the Sentence task, the language scores didn't depend on the side 

of the activation (left or right), although there is a difference between right- and bilateral 

activation of Visuospatial and Motor domain. The correlations were nonsignificant. There 

were no significant differences in Word task or Sentence task lateralization indices between 

control and patient groups. Based on our results (Table 4), with right hemisphere language 

lateralization in stroke patients, the Sensorimotor and Visuospatial ability suffers the most. 

With left-hemispheric language dominance or bilateral language activation, receptive speech 

suffers most.  
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Figure 2A. Comparison of the neurocognitive performance and motor speech lateralization 

indices (LI) between control and stroke groups 

 

Figure 2B. Comparison of the neurocognitive performance and receptive speech 

lateralization indices (LI) between control and stroke groups 
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Correlations of lesion types, lateralization and neuropsychological scores 

 

There were no significant differences in Word task or Sentence task lateralization 

indices or neuropsychological data between subcortical and combined lesion groups. There 

was 1 patient with cortical damage only. 

There were no significant correlations found when correlating laterlalization and 

neuropsychological scores. However, when including lesion type, a significant negative 

correlation was found when comparing neuropsychological scores of the Motor Speech 

domain subtest Verbal Fluency and the LI (Word task in BA44 & 45) of 11 patients with both 

cortical and subcortical stroke (r=-0.929, p=0.007). Interpretation: the higher verbal fluency 

scores were related to activation of the language region in the right hemisphere. The same 

correlation for receptive speech was, however, nonsignificant. 

 

Case studies     

 

P5 (11 years at scan) suffered LH 

perinatal arterial ischaemic stroke. She is left-

handed. Mild right-side hemiparesis was 

detected. Our neuropsychological assessment 

showed deficits encompassing Receptive 

Speech (5.7), Sensorimotor (7.0) and 

Visuospatial domains (3.0). Motoric Speech 

was markedly less affected (11.7). She 

showed bilateral activation during the Word 

task (-0.1; image shown in Figure 3) and LH 

dominance during the Sentence task (0.44; 

Table 4). Motor speech can be restituted due 

to the bilateral activation of Broca's area 

during a motor speech task. A similar effect 

was not seen with receptive language 

(remained left-sided) and therefore remained 

deficient.  

 

 

Figure 3. P5 activation patterns during 

the Word task 
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P1 (aged 9.8 at scan) suffered LH 

perinatal arterial ischaemic stroke. Right 

moderate hemiparesis and left-handedness 

were documented. Neuropsychological 

assessment shows normal age-level Receptive 

Speech (9.7) and Motor Speech (11.0) scores, 

although there are to below average scores in 

Sensorimotor (3.3) and Visuospatial (5.5) 

performance. She showed RH dominance 

during the Sentence task (-0.59; Figure 4, 

Table 4) and Word task (-0.85; Table 4). The 

right hemisphere activation during a language 

task and the accompanying depression of 

visuospatial performance shows atypical 

lateralization of receptive and motor language 

function as well as ‘neurocognitive crowding’ 

- the language functions have been spared on 

the account of the visuospatial function typically located on the right side of the brain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. P1 activation patterns during 

the Sentence task 

"
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DISCUSSION 

 

Language development and lateralizaton in healthy children 

 

In our study 4/7 control children showed left hemisphere dominance and 3/7 showed 

bilateral activation during the Word task. 3/7 of the control subjects showed LH dominance, 

3/7 showed RH dominance and 1/7 showed bilateral activation during the Sentence task. 

Group mean LI of Word task (measuring the motor speech function) in controls was 0.390 

(left hemisphere lateralization) and group mean LI of Sentence task (measuring the receptive 

speech function) in controls was 0.024 (bilateral activation). Similar findings have also been 

shown by Saur (2006).  

An atypical activation model was observed for motor and receptive speech in C6. The 

subject showed LH dominance in the Broca area during the Word task and RH dominance in 

the Wernicke area during the Sentence task. It is possible that the motor speech develops 

faster and therefore lateralises to the left hemisphere earlier than the more complex receptive 

speech (Nip et al, 2009). We can conclude that normal language development and 

lateralization is an ongoing process in the prepubertal period and is different for motor speech 

lateralizing to the left earlier than receptive speech, which at that specific time shows more 

bilateral activation. 

 

Language development and lateralizaton in children with paediatric stroke 

 

8/13 patients (4 left- and 4 right-handed) showed left hemispheric dominance during 

the Word task and 5/13 patients (3 left- and 2 right-handed) showed left hemispheric 

dominance during the Sentence task. This is consistent with a typical lateralization model - 

adjacent tissue in the same hemisphere takes on the tasks of the damaged part of the brain 

(Bella et al, 2002). Word task LI mean (measuring motor speech function) among patients 

was 0.241 and Sentence task LI mean (measuring receptive speech function) among patients 

was 0.075. Patient P5 demonstrated an atypical activation model; the LI was -0.1 (bilateral) 

in the Broca's area during the Word task and 0.44 (LH) during the Sentence task. Her 

Receptive and Motor Speech scores in NEPSY were high: 5.7 and 11.7, respectively. Focal 

brain injury might lead to the reactivation of networks that were active at an early stage of 

development but decrease in activation in later childhood. This find argues that these 

‘dormant’ bilateral networks allow for functional compensation after lesions in eloquent brain 
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areas (Everts et al, 2010), which may contribute to reorganization. Patient P1 exhibited RH 

dominance in both Broca and Wernicke areas, although her speech functions were retained of 

the account of her visuospatial functions, collectively termed ‘neurocognitive crowding’ 

(Gordon et al, 2002).   

 

Comparisons of lateralization indices and neurocognitive data between groups 

 

There were no significant differences between lateralization indices of the Word task 

or the Sentence task in control and patient groups although more evidence of left 

lateralization was found. Absence of a significant difference can be attributed to a larger 

extent of patients exhibiting activation in the damaged hemisphere and lack of activation of 

the contralateral hemisphere due to lack of reorganizational capacity (Bella et al, 2002).  

Significant differences between controls and stroke children were found when 

comparing neurocognitive performances in the Visuospatial domain (Spatial Skills) (p < 

0.05), Motor domain (Sensorimotor skills) (p < 0.05) and Executive domain (executive skills, 

measured solely by the Token task) (p=0.006) with the controls performing better. Similar 

results for better performances in control children have been shown by Ennok (2007). 

 

Correlations of neurocognitive performance and side of activation 

 

Although the relationships seen in Figure 2a and 2b weren’t significant when 

correlated, it can be seen that during a motor speech task in stroke children, the 

neurocognitive score depended on the side of the activation (among those who exhibited left 

Broca activation during the Word task, the scores were lower than those who exhibited right 

Broca activation during the Word task). It can mean that contralateral reorganization has a 

better neurocognitive outcome than a typical ipsilateral reorganization model (Powell et al, 

2008). During a receptive speech task in patients, neurocognitive scores didn't depend on the 

side of the activation (left or right), although a difference of scores can be seen between right- 

and bilateral activation in Visuospatial and Motor domains – ultimately, these scores are 

highest in those with a bilateral activation pattern. Bilateral networks can allow for functional 

compensation after lesions in eloquent brain areas (Everts et al, 2010). 

Based on our results summarized in Table 4, with atypical language lateralization in 

stroke patients, the Sensorimotor and Visuospatial ability suffers the most. With typical 

language lateralization, receptive and motor speech suffers the most. Similar results were also 
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obtained by Ennok (2007). 

Interestingly, a significant negative correlation was found only when we accounted 

for lesion type; in correlating Motor Speech domain subtest Verbal Fluency and the LI of 

Word task in Broca’s area (Table 4) of 11 patients with both cortical and subcortical stroke, 

we found that the higher verbal fluency scores were related to activation of the language 

region in the right hemisphere (r=-0.929, p=0.007) - this can be classified as contralateral 

reorganization by Powell et al (2008) and Tillema et al (2008).  

 

Conclusions 

 

1) In controls and patients, motor speech had lateralized to the left hemisphere, unlike 

receptive speech, which elicited bilateral activation. 

2) There were significant differences in neurocognitive performance between the 

study groups in Visuospatial, Sensorimotor and Executive domains whereby controls 

outperformed patients, confirming earlier studies (Ennok, 2007).  

3) We found that patients with atypical language lateralization (right-hemisphere 

dominance of motor speech) demonstrated strongest neurocognitive deficits in Sensorimotor 

and Visuospatial ability. In cases of language left-hemisphere dominance or bilateral 

activation in patients, receptive and motor speech performance suffers more than other 

neurocognitive functions.  

4) We found that the higher verbal fluency scores were related to activation of the 

language region in the right hemisphere in patients with cortical and subcortical stroke 

damage, confirming ‘the plasticity hypothesis’ (Anderson et al, 2009). 

 

Study criticism and further recommendations 

 

The study had a small sample size. Imaging children is a challenging task for 

researchers due to high incidence of movement artifacts and anxiety which almost always 

compromises the validity of the analyses in a smaller or larger extent. Out of practical 

availability and ease of use, we opted to apply the auditory paradigm of presenting verbal 

stimuli; unfortunately, there is a high amount of noise in the scanner and thus some of the 

presented stimuli’s quality may be affected upon perception. We had 3 subjects who didn’t fit 

the age range (3-12) for NEPSY properly, like the others. These methodological bottlenecks 

manifest themselves in modest statistical scores. 
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In future endeavours, sex and group ratio should be matched more precisely. In the 

clinical group, pathology should be unitary and homologous throughout the group, e.g. 

perinatal arterial ischaemic stroke. Sex is as important variable in measurement of cognitive 

performance because studies show that girls do better in verbal tasks while boys do better in 

spatial tasks (Newhouse, Newhouse and Astur, 2007) and) and so it should be included as a 

variable in a larger analysis. It would also help a great amount if lesion size was computated. 

Also, patients with RH injury should be taken into account to assess possible differences of 

reorganization with LH injury patients and controls. It would also be beneficial to present the 

simulas via visual rather than auditory means.  

 

Approval 

 

The Ethics Committee of the University of Tartu approved this research protocol. Informed 

consent was obtained from the parents or legal guardians before every kind of assessment. 
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SUMMARY IN ESTONIAN 

 

 Uurimustöö käsitleb keele hemisfäärilist lateralisatsiooni ning neurokognitiivset 

võimekust lapseea insulti põdenud ning tervetel kontrollgrupi lastel. Vaatluse alla võeti 

20 last vanuses 6 kuni 14 aastat, kellest 1 oli sega-, 8 vasaku- ja 11 paremakäelised. Neist 

13 olid põdenud lapseea insulti, 7 olid terved. Ajukuvamist sooritati 1,5-teslase 

Magnetom Symphony MRI skanneerija abil, kasutades FLAIR meetodit ning T1-

kaalumist. Pildiandmed analüüsiti SPM8-nimelise tarkvara abil, kasutades üldist 

lineaarset mudelit. Lateralisatsiooniindeks arvutati välja kõikidele katseisikutele 

(neuropsühholoogiliseks hindamiseks kasutati NEPSY-nimelist testpaketti). 

Kontrollgrupi lastel ilmnes motoorse kõne puhul vasakpoolne dominantsus ning 

retseptoorse kõne puhul mõlemapoolne aktivatsioon. Võtmeleiuks kontrollgrupil oli see, 

et normaalse kõne areng ning kõnefunktsiooni lateraliseerumine on antud eakohordil (eel- 

ja varajane puberteet) käimasolev protsess - motoorne kõne on jõudnud lateraliseeruda 

enne retseptoorset kõnet. Ka patsientide grupil täheldati motoorse kõne puhul tüüpilist, 

vasakpoolset lateralisatsiooni. Tähtsaks leiuks patsientide puhul oli see, et mõlemad - nii 

motoorne, kui ka retseptiivne kõne - olid grupis keskmiselt lateraliseerunud vasakule. 

Seda suure tõenäosusega neuroplastilise ressursi vähesuse tõttu, mille tulemusena ei ole 

aju suutnud peale insulti kõnefunktsioone reorganiseerida. Neurokognitiivse võimekuse 

puhul ilmes, et kahjustusele on kõige tundlikumad sensomotoorne ja ruumiline võimekus 

- eriti neil patsientidel, kel ilmnes atüüpiline motoorse kõne lateralisatsioon - seda 

"kognitiivse ruumikitsikuse" tõttu (mitmed funktsioonid surutakse väikese neuraalse 

pinna peale kokku). Kokkuvõttes tõestab uurimustöö, et funktsionaalne ajukuvamine ning 

neuropsühholoogiline hindamine on kooskasutusel väärtuslikud tööriistad laste kõne 

lateralisatsiooni uurimisel ning aju reorganiseerumisvõime hindamisel. 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

ACKNOWLEDGEMENTS 

 

I would like to thank my thesis advisor dr Anneli Kolk and neuropsychologist Mari-

Liis Kaldoja from the Children’s Clinic of the Tartu University Hospital, drs Tiiu Tomberg 

and Pilvi Ilves from the Radiology Clinic of the Tartu University Hospital, dr Rael Laugesaar 

from the Neurology Clinic of the Tartu University Hospital, Kalle Kepler from the Physics 

Institute of the University of Tartu, my secondary thesis advisor Peter Stiers from Maastricht 

University and Merle Havik from the Institute of Psychology of the University of Tartu for 

their support through the production of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

REFERENCES 

 

Anderson V., Spencer-Smith M., Leventer R. et al. (2009). Childhood brain insult: can age at 

insult help us predict outcome? Brain 132, 45–56. 

Annett M. (1975). Laterality of childhood hemiplegia and the growth of speech and 

intelligence. Cortex 9, 4-33. 

Barmada M. A., Moossy J. and Shuman R. M. (1979). Cerebral infarcts with arterial 

 occlusion in neonates. Ann. Neurol. 6, 495–502.  

Basser L. (1962). Hemiplegia of early onset and the faculty of speech with special reference 

to the effects of hemispherectomy. Brain 85, 427-460. 

Bates E. (1999). Language and the infant brain. J. Commun. Disord. 32, 195–205. 

Bates E., Vicari S. and Trauner D. (1999). Neural mediation of language development: 

 Perspectives from lesion studies of infants and children. In: Neurodevelopmental 

 Disorders, (Tager-Flusberg H., ed), pp. 533-581. MIT Press, Cambridge. 

Bella B., Hermanna B., Seidenberg M., et al. (2002). Ipsilateral reorganization  of language 

in early-onset left temporal lobe epilepsy. Epilepsy & Behavior 3(2), 158-164. 

Briellmann R. S., Abbott D. F., Caflisch U. et al. (2002). Brain reorganisation in cerebral 

palsy: a high-field functional MRI study. Neuropediatrics 33, 162–165. 

Cao Y., Vikingstad E. M., George K. P. et al. (1999). Cortical language activation in stroke 

patients recovering from aphasia with functional MRI. Stroke 30, 2331–2340.  

Carmichael S. T. (2003). Plasticity of cortical projections after stroke. Neuroscientist 9, 64–

75. 

Chapman S. B., Max J. E., Gamino J. F. et al. (2003). Discourse plasticity in children after 

stroke: age at injury and lesion effects. Pediatr. Neurol. 29, 34–41. 

Chilosi A. M., Cipriani P. P., Bertuccelli B. et al. (2001). Early cognitive and communication 

development in children with focal brain lesions. J. Child. Neurol. 16, 309–316. 

Dehaene-Lambertz G., Dehaene S. and Hertz-Pannier L. (2002). Functional neuroimaging of 

speech perception in infants. Science 298, 2013–2015. 

Duchowny M., Jayakar P., Harvey A. S. et al. (1996). Language cortex representation: 

 effects of developmental versus acquired pathology. Ann. Neurol. 40, 31–38. 

Ennok, M. (2007). Cognitive profile and changes in children with neonatal and childhood 

stroke. Retrieved from DSpace (University of Tartu). 

Everts R., Lidzba K., Wilke M. et al. (2010). Lateralization of cognitive functions after stroke 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

in childhood. Brain Injury 24(6), 859–870. 

Fair D. A., Brown T. T., Petersen S. E. et al. (2006). fMRI reveals novel functional neuro-

anatomy in a child with perinatal stroke. Neurology 67, 2246–2249.  

Fair D. A., Choi, A. H., Doesnbach, Y. B. L. et al. (2009). The functional organization of 

trial-related activity in lexical processing after early left hemispheric brain lesions: An 

event-related fMRI study. Brain 114(2), 135-146. 

Fernandez B., Cardebat D., Demonet J.F. et al. (2004). Functional MRI follow-up study of 

language processes in healthy subjects and during recovery in a case of aphasia. 

Stroke 35, 2171–2176. 

Freud S. (1897). Infantile cerebral paralysis (Russin, L.A., translator), University of Miami 

Press, Coral Gables. 

Fullerton H. J., Wu Y. W., Zhao S. and Johnston S. C. (2003). Risk of stroke in children: 

Ethnic and gender disparities. Neurology 61, 189–94.  

Giza C. and Prins M. (2006). Is being plastic really fantastic? Mechanisms of altered 

plasticity after developmental traumatic brain injury. Dev. Neurosci. 28, 364–379. 

Gordon A. L., Ganesan V., Towell A. and Kirkham F. J. (2002). Functional outcome 

following stroke in children. J. Child Neurol. 17, 429-434. 

Gura R., Alsop D., Glahna D. et al. (2000). An fMRI study of sex differences in regional 

activation to a verbal and a spatial task. Brain Lang. 74(2), 157-170. 

Guzzetta A., Pecini C., Biagi L. et al. (2008). Language organisation in left perinatal stroke. 

Neuropediatrics 39(3), 157–163. 

Hécaen H. (1976). Acquired aphasia in children and the ontogenesis of hemispheric 

functional specialization. Brain Lang. 3, 114-134. 

Heller S. L., Heier L. A., Watts R. et al. (2005). Evidence of cerebral reorganization 

following perinatal stroke demonstrated with fMRI and DTI tractography. Clin. 

Imaging 29, 283–287. 

Hertz-Pannier L., Gaillard W., Mott S. H. et al. (2003). Developmental aspects of language 

processing: fMRI of verbal fluency in children and adults. Hum. Brain Mapp. 18, 176 –

185. 

Holland S. K., Plante E., Weber Byars A. et al. (2001). Normal fMRI brain activation 

patterns in children performing a verb generation task. Neuroimage 14, 837–843. 

Härtel C., Schilling S., Sperner J. and Thyen U. (2004). The clinical outcomes of neonatal 

and childhood stroke: review of the literature and implications for future research. 

European J. Neurol. 11(7), 431-438. 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

Ilves P. (1999). Hypoxic-ischaemic encephalopathy in asphyxiated term infants: a 

prospective clinical, biochemical, ultrasonographical study (Doctoral dissertation, The 

Faculty of Medicine, The University of Tartu), University Press, Tartu. 

Johnson M. H. (2001). Functional brain development in humans. Nat. Rev. Neurosci. 2(7), 

475–483.  

Just M. A., Carpenter P. A., Keller T. A. et al. (1996). Brain activation modulated by 

sentence comprehension. Science 274, 114–116. 

Kaan E. and Swaab T. Y. (2002). The brain circuitry of syntactic comprehension. Trends 

Cogn. Sci. 6(8), 350-356.  

Kennard M. (1936). Age and others factors in motor recovery from precentral lesions in 

monkeys. Am. J. Physiol. 115, 138-146. 

Kemp S., Korkman M. and Kirk U. (2001). Essentials of NEPSY assessment. John Wiley and 

Sons, Inc., New York. 

Kolb B., Pellis S. and Robinson T. (2004). Plasticity and functions of the orbital frontal 

cortex. Brain Cog. 55, 104–115. 

Kolk A. and Talvik T. (2000). Cognitive outcome of children with early-onset hemiparesis. J. 

Child. Neurol. 9, 581-587. 

Kolk A., Beilmann A., Tomberg T. et al. (2001). Neurocognitive development of children 

with congenital unilateral brain lesion and epilepsy. Brain Dev. 23, 88-96. 

Laugesaar R. (2010). Paediatric stroke in Estonia: epidemiology and risk factors (Doctoral 

dissertation, The Faculty of Medicine, The University of Tartu), University Press, 

Tartu. 

Lazar R. M., Marshall R. S., Pile-Spellman J. et al. (2000). Interhemispheric transfer of 

language in patients with left frontal cerebral arteriovenous malformation. 

Neuropsychologia 38, 1325–1332. 

Lee J., Croen L. A., Lindan C., Nash K.B. et al. (2005). Predictors of outcome in perinatal 

arterial stroke: A population-based study. Ann. Neurol. 58, 303–308.  

Liegeois F., Connelly A., Cross J. H. et al. (2004). Language reorganization in children with 

early-onset lesions of the left hemisphere: an fMRI study. Brain 127, 1229–1236.  

Max J. E. (2004). Effect of side of lesion on neuropsychological performance in childhood 

stroke. J. Int. Neuropsych. Soc. 10, 698–708. 

Moses P., and Stiles J. (2002). The lesion methodology: contrasting views from adult and 

child studies. Dev. Psychobiol. 40(3), 266–277. 

Muller R. A., Rothermel R. D., Behen M. E. et al. (1999). Language organization in patients 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

with early and late left-hemisphere lesion: a PET study. Neuropsychologia 37, 545–

557. 

Nelson K. B. and Lynch J. K. (2004). Stroke in newborn infants. Lancet Neurol. 3, 150–158. 

Newhouse P., Newhouse C. and Astur R. S. (2007). Sex differences in visual-spatial learning 

using a virtual water maze in pre-pubertal children. Behav. Brain Res. 183(1), 1-7. 

Nip I. S. B., Green J. R. and Marx D. B. (2009). Early speech motor development: cognitive 

and linguistic considerations. J. Commun. Disord. 42(4), 286-298. 

Peterson S., Fox P., Posner M. et al. (1989): Positron emission tomographic studies of 

processing of single words. J. Cogn. Neurosci. 1, 153–170. 

Powell H. W. R., Parker G. J. M., Alexander D. C. et al. (2008). Imaging language pathways 

predicts postoperating naming deficits. J. Neurol. Neurosurg. Psychiatry 79(3), 327-

330. 

Price C. J. and Crinion J. (2005). The latest on functional imaging studies of aphasic stroke. 

Curr. Opin. Neurol. 18, 429–434. 

Rapp C. E. and Torres M. M. (2000). The adult with cerebral palsy. Arch. Fam. Med. 9, 466-

472. 

Rasmussen T. and Milner B. (1977). The role of early left-brain injury in determining 

lateralization of cerebral speech functions. Ann. NY Acad. Sci. 299, 355–369.  

Reilly J., Bates, E. and Marchman, V. (1998). Narrative discourse in children with early focal 

brain injury. Brain Lang. 61, 335-375. 

Ressel V., Wilke M., Lidzba K. et al. (2008). Increases in language lateralization in normal 

children as using magnetencephalography. Brain Lang. 106I(3), 167-176. 

Riva D. and Cazzaniga L. (1986). Late effects of unilateral brain lesions sustained before  and 

after age one. Neuropsychologia 24, 423-428. 

Satz P., Strauss E., Wada J. et al. (1988). Some correlates of intra- and interhemispheric 

speech organization after left focal brain injury. Neuropsychologia 26, 345–350. 

Saur D., Lange R., Baumaertner A. et al. (2006). Dynamics of language reorganization after 

stroke. Brain 129, 1371- 1384.  

Schlaggar B. L., Brown T. T., Lugar H. M. et al. (2002). Functional neuroanatomical 

differences between adults and school-age children in the processing of single words. 

Science 296, 1476–1479. 

Seger C. A., Rabin L. A., Desmond J. E. et al. (1999). Verb generation priming involves 

conceptual implicit memory. Brain Cogn. 1, 150 –177.  

Smith A. (1984). Early and long-term recovery from brain damage in children and adults: 



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !!"

Evolution of concepts of localization, plasticity and recovery. In: Early Brain 

Damage (Almli C.R. and Finger S., eds.), pp. 299-324, Academic Press, New York. 

Szaflarski J. P., Holland S. K., Schmithorst V. J. et al. (2005). fMRI study of language 

 lateralization in children and adults. Hum. Brain Mapp. 27(3), 202-212. 

Staudt M., Grodd W., Niemann G. et al. (2001). Early left periventricular brain lesions 

induce right hemispheric organization of speech. Neurology 57(1), 122–125.  

Staudt M., Grodd W., Gerloff C. et al. (2002a). Two types of ipsilateral reorganization in 

congenital hemiparesis: A TMS and fMRI  study. Brain 125(10), 2222–2237.  

Staudt M., Lidzba K., Grodd W. et al. (2002b). Right-hemispheric organization of language 

following early left-sided brain lesions: functional MRI topography. Neuroimage 16, 

954–967. 

Stiles J. and Thal D. (1993). Linguistic and spatial cognitive development following early 

focal brain injury: Patterns of deficit and recovery. In: Brain Development and 

Cognition: A Reader, (Johnson M., ed), pp. 643-664, Blackwell Publishers, Oxford. 

Thulborn K. R., Carpenter P. A. and Just M. A. (1999). Plasticity of language-related brain 

function during recovery from stroke. Stroke 30, 749–754. 

Tillema J.-M., Byars A. W., Jacola L. M. et al. (2008). Cortical reorganization of language 

functioning following perinatal left MCA stroke. Brain Lang. 105(2), 99–111. 

Vargha-Khadem F., O’Gorman A. and Watters G. (1985). Aphasia and handedness in 

relation to hemispheric side, age at injury and severity of cerebral lesions during 

childhood. Brain 108, 677-696. 

de Veber G. A., MacGregor D., Curtis R. et al. (2000). Neurologic outcome in survivors of 

childhood arterial ischaemic stroke and sinovenous thrombosis. J Child. Neurol. 15, 

316–324.  

Vicari S., Albertoni A. Chilosi A. M. et al. (2000). Plasticity and reorganization during 

language development in children with early brain injury. Cortex 36, 31-46. 

Vikingstad E. M., Cao Y., Thomas A. J. et al. (2000). Language hemispheric dominance in 

patients with congenital lesions of eloquent brain. Neurosurgery 47, 562–570. 

Voets N. L., Adcock J. E., Flitney D. E. et al. (2006). Distinct right frontal lobe activation in 

language processing following left hemishere injury. Brain 129, 754-766. 

de Vos K. J., Wyllie E., Geckler C. et al. (1995). Language dominance in patients with early 

childhood tumors near left hemisphere language areas. Neurology 45, 349–356. 

de Vries L. S., Groenendaal F., Eken P. et al. (1997). Infarcts in the vascular distribution of 

the middle cerebral artery in preterm and fullterm infants. Neuropediatrics 28, 88–96.  



Reorganization after pediatric stroke: fMRI and NEPSY 

 

 !"#

Westmacott R., McLinden A., Baird A. D. et al. (2007). Early cognitive outcome after 

neonatal stroke. J. Child. Neurol. 22, 1111-1116. 

Westmacott R., Askalan R., MacGregor D. et al. (2010). Cognitive outcome following 

unilateral arterial ischaemic stroke in childhood: effects of age at stroke and lesion 

location. Dev. Med. & Child Neurol. 52, 386–393. 

Wilke M., Lidzba K., Staudt M. et al. (2006). An fMRI task battery for assessing hemispheric 

language dominance in children. NeuroImage 32, 400–410. 

Wu Y. W, March W. M., Croen L.A. et al. (2004). Perinatal stroke in children with motor 

impairment: A population-based study. Pediatrics 114, 612–619.  

 

 

 


