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Abstract

Brain plasticity has often been quoted as a reason for the more favorable outcome in childhood 

stroke compared to adult stroke. We investigated the relationship between language abilities and 

language localization in childhood stroke. Seventeen children and adolescents with left- or right-

sided ischemic stroke and 18 healthy controls were tested with a comprehensive neurolinguistic 

test battery, and the individual neural representation of language was measured with an fMRI 

language paradigm. Overall, 12 of 17 stroke patients showed language abilities below average, and 

five patients exhibited impaired language performance. fMRI revealed increased activity in right 

hemisphere areas homotopic to left hemisphere language regions. In sum, seven stroke patients 

revealed atypical, i.e. bilateral or right lateralized language representation. Typical left 

hemispheric language lateralization was associated with better performance in naming and word 

fluency, whereas increased involvement of right homologues was accompanied by worse language 

outcome. In contrast, lesion lateralization or lesion volume did not correlate with language 

outcome or atypical language lateralization. Thus, atypical language lateralization is unfavorable 

for language outcome, and right homologues do not have the same cognitive capacity, even in 

young children.
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1 Introduction

Childhood stroke is emerging as a serious disorder with increasing incidence in the last 

decade. 1 It is defined as a cerebrovascular event that occurs between 30 days and 18 years 

of age. 2 Ischemic stroke represents half of all childhood strokes with an incidence rate of 

2-5 / 100.000 children per year. 3 The territory of the middle cerebral artery is most 

commonly affected in childhood ischemic stroke, thus, hemiparesis and cognitive deficits 

are the most common acute clinical presentations of this disorder. 4, 5 Although prognosis 

for recovery after stroke in childhood is better than in adults, studies have found residual 

cognitive impairments in more than half of the children who have experienced a stroke. 2, 3 

Studies focusing on language functioning in childhood stroke report frequent word finding 

deficits, reduced discourse abilities, deficits in written language acquisition, and syntactic 

impairments. 6–9 Surprisingly, these language deficits do not only occur after left-

hemisphere stroke in childhood, but may also be observed following right-hemisphere 

childhood stroke, 7, 9 thus supporting that the theoretical view of language-brain mapping 

derived from adult studies does not apply to children’s brains. A specific period of 

vulnerability for cognitive deficits following cortical ischemic stroke has been reported for 

the age of one month to five years, a time span corresponding exactly to the period of 

primary language acquisition. 10

Brain plasticity has often been quoted as the reason for the more favorable outcome in 

childhood stroke relative to adult stroke. However, the relationship between the individual 

capacity for neural modification and cognitive functioning is unclear. 11 In children with 

perinatal focal brain injury, left anterior and bilateral posterior language lateralization was 

associated with better language functioning. 12 However, differences between perinatal and 

childhood stroke regarding pathologies and cognitive outcome are well known. 13 These 

findings may thus not apply to children with strokes occuring during childhood, the dynamic 

phase of language acquisition and consolidation. Two studies investigated the relationship 

between behavioral language abilities and cerebral language organization in left-sided 

childhood stroke and found contradictory results: Elkana et al. examined seven children and 

young adults with left focal brain lesions and found greater right hemisphere lateralization in 

patients compared to controls; however, increased performance in linguistic tasks was 

associated with greater lateralization to the left hemisphere. 14 Lidzba et al. investigated 

twelve patients (five children) who experienced a left hemisphere stroke in childhood with 

language fMRI and questionnaires for self-assessment of language problems. 15 Language 

lateralization towards the right hemisphere, which occurred only in the younger participants, 

was found to be favorable for language outcome in their study. In contrast, no study exists on 

the relationship between language abilities and functional language localization after right-

sided childhood stroke.

In summary, previous functional imaging studies on the brain-behavior relationship in 

children with left-sided stroke indicate that language localization often takes place in 

networks in which preserved left or homotopic right hemisphere areas might compensate for 

damage. Yet, it remains unclear whether atypical language lateralization is advantageous or 

unfavorable for language functioning in children suffering from focal brain injury. In 

addition, the relationship between language abilities and language localization in children 
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with right-sided stroke is unknown. To answer these questions, we examined 17 patients 

with unilateral left- or right-sided childhood stroke and 18 age-matched healthy controls 

with an extensive language test battery and fMRI for language localization to explore the 

plasticity of the child’s brain and its relationship to language functioning.

2 Materials and methods

2.1 Participants

Seventeen children with unilateral ischemic stroke, aged seven to 17 years, were recruited at 

the neuropediatric outpatient unit of the Department of Pediatrics and Adolescent Medicine, 

Medical University of Vienna. All patients had suffered from unilateral focal brain damage 

due to ischemic stroke after the first month of life. Exclusion criteria were an active seizure 

disorder, antiepileptic medication, or developmental problems prior to stroke. Table 1 shows 

characteristics of study participants.

In addition, 18 healthy, right-handed children matched for gender and age at the time of 

testing were included as controls in the study. The controls had no history of neurological 

disease or clinical evidence of neurological dysfunction or developmental delay. They were 

recruited by blackboard announcement and flier distribution.

Further inclusion criteria for all study participants were native German speaking, normal 

hearing, normal or corrected-to-normal vision, sufficient language comprehension (age-

corrected z-value in the Token Test for Children above SD -2.00), 16 and no MRI 

contraindications. All study participants received a 30 € voucher for a book store. Written 

informed consent was obtained from a parent or legal representative in all cases. 

Furthermore, age-adjusted written information was given to the children prior to the study, 

and all children gave verbal and written assent. This study was approved by the Ethics 

Committee of the Medical University of Vienna and performed in accordance with the 

Helsinki Declaration of 1975.

2.2 Cognitive Assessment

Verbal abilities were assessed using standardized tests which examine functions important 

for language development and consolidation. 17 Expressive vocabulary was tested using the 

Wortschatz- und Wortfindungstest which requires the naming of visually presented objects, 

situations, and conditions. 18 Language comprehension was measured with the Token Test 

for children where tokens varying in size and shape have to be moved according to auditory 

commands with increasing length and linguistic complexity. 16 The TROG-D was used to 

examine grammatical comprehension of sentences of increasing morphosyntactic 

complexity. 19 Common word, pseudoword, and text reading fluency and accuracy were 

tested using the Salzburger Lese- und Rechtschreibtest SLRT II and the Zürcher Lesetest 

ZLT II. 20–21 Spelling accuracy was investigated with the SLRT. Categorial word fluency 

was evaluated using the Regensburger Wortflüssigkeitstest which requires the participant to 

name, within two minutes, as many words as possible of a semantic category (animals). 22 

Verbal memory was assessed with the German version of the Auditory Verbal Learning Test, 
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the Verbaler Lern- und Merkfähigkeitstest, which measures the learning efficiency of a 

words list, short-term recall after distraction, long-term recall, and recognition. 23–24

Raw scores of cognitive tests were transformed into age-adjusted z-scores for each test 

result. For the Wortschatz- und Wortfindungstest and the Salzburger Lese- und 

Rechtschreibtest, norms were only available up to 11 years of age, for the TROG-D up to 12 

years, as acquisition of the verbal abilities tested with these measurements is assumed to be 

completed after this age. We therefore transformed the raw scores of these tests in elder 

participants into z-scores based on the norms of the eldest norm population with the risk of 

an overestimation of z-scores in these participants.

We clustered the test scores into six language abilities: naming (Wortschatz- und 

Wortfindungstest), comprehension (Token Test and Trog-D), reading (reading scores of the 

Salzburger Lese- und Rechtschreibtest and the Zürcher Lesetest), writing (writing scores of 

the Salzburger Lese- und Rechtschreibtest), word fluency (Regensburger 

Wortflüssigkeitstest), and verbal memory (Verbaler Lern- und Merkfähigkeitstest), and 

controlled this clustering with principal component analysis using SPSS Statistics (version 

24.0). In line with clinical conventions, individual percentile ranks from SD -1.00 to SD 1.00 

were defined within the average range. Performance below the SD -1.00 was read as below 

average, and performance below SD -2.00 was interpreted as impaired.

2.3 Handedness Assessment

Handedness was evaluated using the Edinburgh Handedness Inventory (EHI). 25 This 

questionnaire assesses the hand usage for commonly performed tasks such as cutting with a 

knive or drawing. The EHI Score is calculated by using the formula (Σright−Σleft)/(Σright

+Σleft). Handedness was categorized as right if the EHI Score was ≥ 0.20, bilateral if within 

-0.20 and 0.20, or left if ≤ -0.20. This assessment was performed along with the cognitive 

assessment, in children with stroke the EHI score thus reflects post-stroke handedness.

2.4 MRI

2.4.1 FMRI paradigm—For functional language localization, the German version of an 

auditory description definition task was presented. This paradigm has shown robust language 

lateralization in healthy children and typically involves inferior and middle frontal regions, 

middle and superior temporal regions, as well as mesial temporal areas including the 

hippocampal formation. 26–30 In the auditory description definition condition, the 

participants listen to the definition of an object followed by a noun and are instructed to 

press a button each time the definition incorrectly described the noun. For instance, “A long 

yellow fruit is a banana.” (correct) or “Something you sit on is a spaghetti.” (incorrect). This 

paradigm was designed to elicit comprehension of a phrase, semantic recall, and semantic 

decision. Seventy percent of items are correct targets, and true and false descriptions are 

pseudo-randomly distributed. Performance in the scanner was monitored by the button-

press. The control condition consisted of reverse speech, with a pure tone at the end of some 

items. The participants were instructed to press the button each time he/she heard the tone. 

Reversed speech has been demonstrated to avoid semantic processing in similar fMRI tasks, 

and the control condition was designed to control for first and second order auditory 
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processing, attention, and motor response. 31–33 Task performance was evaluated by the 

overall accuracy in the language condition and the control task separately.

Three different, age-adjusted versions of the fMRI paradigm were available (7–9 years old, 

10–12 years old, 13-17 years old). The difficulty levels were distinguished by manipulating 

linguistic criteria including word frequency, word length, and word complexity according to 

normative word data (www.wortschatz-unileipzig.de; accessed 09.09.2013). We used a block 

design composed of five language condition blocks alternating with five control task blocks. 

Each block lasted for 40 seconds and consisted of 10 sentences presented every four 

seconds. Total fMRI scanning time was 6 minutes 40 seconds.

2.4.2 MRI Image acquisition—All participants were scanned on a 3T Siemens TIM 

Trio scanner (Siemens Medical Solutions, Erlangen, Germany) equipped with a high-

performance gradient system to support fast, high-resolution whole-brain echo-planar 

imaging. 3D structural MRI scans were performed using an isocubic magnetization-prepared 

rapid gradient-echo (MPRAGE, T1-weighted, TE/TR _ 4.21/2300ms, inversion time 900, 

with a matrix size of 240 x 256 x 160, voxel size 1 x 1 x 1.10 mm3, flip angle 9°) sequence. 

FMRI was acquired using a phase corrected blipped gradient echo, single shot echo planar 

imaging sequence. Altogether, 200 EPI volumes were acquired with a square FOV of 210 

mm, voxel size 2.1 x 2.1 x 4 mm3, 25 percent gap and 20 slices aligned parallel to the AC-

PC plane using a repetition time of 2000 ms, echo time 42 ms, and a flip angle of 90°.

2.4.3 MRI data analysis—For each patient, lesion masks were created. The manual 

demarcation of the brain lesions was performed by a trained rater on every single axial slice 

of the T1-weighted images using MRIcroGL Software (http://www.cabiatl.com/mricrogl; 

accessed 21.02.2017). These lesion masks were used to perform a cost function masking for 

normalization of brains. 34, 35 Furthermore, lesion masks were used for lesion volume 

calculation with MRIcron software (http://www.mricro.com/mricron; accessed 30.07.2017).

FMRI analyses were carried out using SPM8 (Wellcome Department of Cognitive 

Neurology, London, United Kingdom) implemented in MATLAB (Version 8.3 Mathworks, 

Inc., Sherborn, MA, U.S.A.). EPI volumes were spatially realigned and corrected for 

movement. Customized prior probability maps and a customized T1 template, matched to 

age and gender composition of the study group, were created by employing the Template-O-

Matic toolbox. 36 Each subject’s anatomical image was segmented using the customized 

priors and the customized T1 template, then bias-corrected. This way the derived spatial 

normalization parameters were used to normalize the coregistered functional volumes. 

Normalized EPI volumes were smoothed using a Gaussian kernel with FWHM = 8 mm. 

BOLD signal increases pertaining to task-evoked responses in brain activity were modeled 

using a general linear model as implemented in SPM. Regressors modeling residual 

movement related variance (translational and rotational movement) were included in the 

model as covariates of no-interest.

Language activation was measured by contrasting the auditory description definition task 

condition > reversed language control condition. To examine the group effect of functional 

brain activations in healthy controls, random effects analysis (one-sample t test) was used, 
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corrected for multiple comparisons family-wise error (FWE) with p < .05. For the group 

analyses of left hemisphere and right hemisphere stroke groups, respectively, fixed effects 

analyses were performed (pFWE < .05), due to the small number of subjects and the large 

heterogeneity of functional language localization. Thus, whereas the fMRI findings of the 

healthy control group are representative for the population the controls stem from, the fMRI 

results for the stroke groups are valid only for the investigated group of subjects. Single-

subject fMRI activations were analyzed with a signficance threshold of puncorr < .001. 

Individual lateralization of activations was estimated at the single-subject level by use of the 

LI-toolbox. 37 In order to avoid the threshold dependency of lateralization indices (LIs), a 

bootstrapping approach was employed. LI was calculated according to the formula 

(Σactivationleft −Σactivationright)/(Σactivationleft)+Σactivationright) where “Σactivation” is the 

sum of activated voxels. The LI was categorized as left lateralized if ≥ 0.20, bilateral if 

within -0.20 and 0.20, or right if ≤ -0.20.

2.4.4 Retrospective analysis of initial MRI—The analysis of the MRI at stroke 

presentation was done retrospectively using the modified pediatric version of the Alberta 

Stroke Program Early Computed Tomography Score modASPECTS. 38 This modASPECTS 

was used to semiquantitatively assess infarct volume on axial diffusion-weighted MRI 

images in all supratentorial regions, including the territories of the anterior, middle, and 

posterior cerebral arteries as well as the thalamus. A region was scored positive if it was 

involved in the stroke area, yielding a maximum modASPECTS of 30.

2.5 Statistical analysis

Statistical analyses were conducted using SPSS Statistics (version 24.0). For normal 

distributed data (age at stroke, age at examination, time between stroke and examination, 

modAspects), two sample t-tests were used to examine group differences. Nonparametric 

testing was conducted whenever data were not normal distributed (handedness, residual 

lesion volume, language laterality indices, cognitive test results). Mann-Whitney U test was 

performed to investigate if cognitive test scores, residual lesion volumes, or laterality indices 

differed by sex or group, and χ2 test examined if groups differed by sex. Spearman’s rank 

correlation tested possible associations between these variables. Significance of correlations 

was set based on a strict Bonferroni correction factor, i.e. α = 0.05 / number of comparisons.

3 Results

3.1 Demographic and clinical differences between groups

Children with stroke and healthy controls did not differ significantly in age at examination or 

gender (Table 2). However, handedness was significantly less right in stroke patients 

compared to controls (U(n1 = 17, n2 = 18) = 72, p = 0.007, r = 0.51).

The stroke group comprised of 9 children with left-sided and 8 children with right-sided 

stroke. Age at stroke, age at examination, and time between stroke and testing were not 

significantly different between the group of left- and the group of right-sided stroke (Table 

2). Whereas gender was well-balanced in the left stroke group, there was only one girl in the 

right stroke group. However, this difference did not reach statistical significance. 
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Furthermore, all children with right-sided stroke were right-handed, whereas two children 

with left-sided stroke were left-handed, but groups did not differ statistically significant in 

the strength of handedness as measured with the EHI. However, groups were significantly 

different regarding lesion volume: The initial modASPECTS, which semiquantetatively 

assessed stroke volume at stroke presentation, revealed a significantly higher infarct volume 

in the right stroke group compared to the left stroke group (t = -2.33, p = 0.034). Though the 

initial modASPECTS and residual lesion volumes at examination correlated significantly 

(rho = 0.66, p = 0.004), groups did not significantly differ in the residual lesion volumes at 

examination U(n1 = 9, n2 = 8) = 27, p = 0.423, r = 0.21).

3.2 Individual results

3.2.1 Individual language profiles—Figure 1 displays the individual language 

profiles in stroke patients. Overall, five out of 17 stroke patients (30 %) exhibited impaired 

language functions (SD -2.00). Three of them had language deficits in two or more language 

functions, two further children showed linguistic deficits in a single domain. Most often, 

naming abilities were compromised (n = 4), followed by reading and writing impairments (n 

= 2). One child showed profound verbal memory deficits, and one child had a formal 

language comprehension impairment. All these children showed further test scores below 

average (SD -1.00). Seven further stroke patients (41 %) revealed one or more language 

functions below average, with naming, word fluency, and written language being most often 

affected. Thus, when investigated in detail, 71 % of children with stroke (12/17) displayed 

below average or impaired language functions. Language deficits occurred in both left- and 

right-stroke groups.

In the healthy control group, most children performed within or above average in the 

language tests (Supplement Figure 1). However, five children were below average in one or 

more language functions. Three children showed below average abilities in writing, and one 

each in comprehension, verbal memory, and word fluency. None of the healthy controls 

exhibited impaired verbal functions. Overall, these results point to a wide distribution of 

language performances in the healthy study group.

3.2.2 Individual language localization and language laterality—On-site check of 

in-scanner performance showed adequate response during the fMRI paradigm in all 

participants. Unfortunately, due to technical reasons, task accuracy for the in-scanner 

performance was recorded only in 22 participants. Mean correct response in ten stroke 

patients was 96.34 % (SD 4.46) for the auditory description definition condition and 

89.66 % (SD 13.47) for the tone condition. In 12 controls, mean correct response was 

93.50 % (SD 8.58) for the auditory description definition task and 94.50 % (SD 7.29) for the 

tone task. Overall, these data indicate good task performances in both groups. However, due 

to the large amount of missing data, we waived further analyses of in-scanner task 

performances.

Figure 2 displays the individual language activations in each stroke patient. Overall, a large 

heterogeneity of localization, extent, and significance of activations can be observed. 
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However, middle temporal and inferior and middle frontal regions were most consistently 

involved, either uni- or bilaterally.

The calculation of individual language laterality revealed left lateralized language in ten 

children with stroke (Figure 3). Two patients with left-sided stroke and two children with 

right-sided stroke exhibited right lateralized language. Three further stroke patients had 

bilateral language representation, two with left, one with right stroke. Thus, overall, 50 % of 

left stroke patients and 33 % of right stroke patients showed atypical (i.e. bihemispheric or 

right) language lateralization.

LIs in single subject analyses of healthy controls showed left-lateralized activations in 16/18 

children. One healthy participant revealed bilateral language localization, one further healthy 

child exhibited right lateralized language. In sum, 11 % of healthy children showed atypical 

language lateralization.

3.3 Group results

3.3.1 Group language localization—In fMRI group analysis of the healthy control 

participants, one sample t-test revealed a typical language localization pattern with left 

lateralized activations in the inferior, middle, and medial frontal gyri, the insula, the middle 

temporal gyrus, the fusiform gyrus, and the hippocampus. In the right hemisphere, no 

activation was found on group level with a significance threshold of pFWE < 0.05 

(Supplement Table 1, Supplement Figure 2).

In the left stroke group, fixed effect group analysis revealed left hemisphere activations in 

medial, middle, and inferior frontal regions, the insula, and the fusiform gyrus (Table 3, 

Figure 2). In addition, significant right hemisphere activations were found in inferior and 

middle frontal regions, the insula, and the superior temporal gyrus. The right stroke group 

exhibited left hemisphere activations in medial, middle, and inferior frontal regions, inferior, 

middle, and superior temporal areas, the angular gyrus, and mesial temporal areas including 

the hippocampus and the fusiform gyrus. Furthermore, right hemisphere activations were 

found in inferior and middle frontal areas, the insula, the superior temporal and the angular 

gyrus, and the fusiform gyrus.

In sum, whereas fMRI in healthy participants revealed activations in classical language areas 

including left inferior/middle frontal and left middle temporal regions, patients with stroke 

exhibited increased activations in right hemisphere homologues.

3.3.2 Group differences of language functioning and language laterality—As 

a group, the children with stroke exhibited significantly poorer language functions in all 

domains except writing compared to the healthy control group (Table 4). Furthermore, there 

was a significant difference between patient group and control group in language laterality, 

with the patients showing weaker left hemisphere involvement compared to the controls. 

However, within the stroke group, there was no significant difference between children with 

left and children with right hemisphere stroke in any language function or in language 

laterality.
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3.3.3 Influence of demographic and clinical data on language functioning 
and language lateralization—Lesion size at stroke presentation (modASPECTS), 

residual lesion volume at study, age at stroke, age at testing, or time between stroke and 

testing were not significantly associated with any language function (Table 5). A 

standardized analysis of the lesion site effect on language performance and laterality was not 

possible due to the small sample size. However, we analyzed a possible influence of cortical 

or thalamic involvement in residual lesion and found that children with cortical involvement 

in the residual lesion (12/17) did not perform significantly worse in any language test (p >.

082), nor did children with residual thalamic lesions (5/17; p > .279).

There was a significant positive correlation between age at examination and writing in the 

stroke group (rho = 0.73, p = 0.001), but not in the control group. Vice versa, a gender effect 

was observed in writing performance in the healthy controls, where girls were significantly 

better than boys (U(n1 = 7, n2 = 11) = 8, p = 0.004, r = 0.68), but not in the stroke group. 

When calculated for the whole group of study participants, age at examination did not 

correlate with any language test, but the gender effect was larger in girls outperforming boys 

in naming (U(n1 = 12, n2 = 23) = 61, p = 0.006, r = 0.46) and writing (U(n1 = 12, n2 = 23) 

=55, p = 0.003, r = 0.51).

Moreover, language laterality did not correlate with any demographic data, and remarkably 

neither correlated with lesion volume at stroke presentation, cortical or thalamic involvement 

in residual lesion, nor residual lesion volume at study.

3.3.4 The association of language functioning and language lateralization—
In stroke patients, nonparametric correlation analysis revealed a significant relationship 

between language laterality and naming (rho = 0.68, p = 0.003) and word fluency (rho = 

0.79, p < 0.001), respectively (Figure 4, Table 6). This indicates a positive effect of left-

lateralized language function on naming and word fluency.

There was no association between LI and comprehension, reading, writing, or verbal 

memory in stroke patients. In healthy controls, there was a trend for less left language 

lateralization in children with better naming and reading, but correlations did non survive 

Bonferroni correction.

In summary, typical language laterality was associated with better naming and word fluency, 

whereas atypical (i.e. bilateral or right-lateralized) language representation was unfavorable 

for language outcome in children with stroke. In healthy controls, no significant association 

of language lateralization and functioning was found.

4 Discussion

The present study investigated language abilities and language localization in 17 children 

with unilateral childhood stroke and 18 healthy controls. Language deficits and increased 

involvement of right hemisphere homologues of typical language areas were found in both 

children with left- and children with right-sided stroke. Language abilities were not 

dependent on lesion size at stroke presentation, lesion volume at study, lesion side, lesion 

site, or age at stroke, but were significantly associated with language representation: typical 
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language laterality was associated with better naming and word fluency, whereas atypical 

language laterality was unfavorable for language outcome in children with stroke.

4.1 The relationship between language lateralization and language performance in 
neuropediatric populations

Our findings of better language abilities in left language lateralization following childhood 

stroke are in line with the study of Elkana et al. which found increased language proficiency 

associated with stronger lateralization to the left hemisphere in seven children with left-sided 

stroke acquired during childhood. 14 This association has also been reported in children 

with left perinatal stroke, where better expressive and receptive language abilities were 

associated with increased activations in left hemispheric language regions. 12 Support 

comes also from studies in other neuropediatric populations: Lillywhite et al. investigated 

children with benign childhood epilepsy with centrotemporal spikes and found better 

sentence production correlated with increasing left-sided language lateralization. 39 

Furthermore, de Guibert et al. described significantly less left lateralization in children with 

developmental dysphasia compared to healthy controls. 40 These results together with the 

findings of the present study indicate that functional language organization favouring the left 

hemisphere in children is associated with better language outcome. In contrast, Lidzba et al. 

investigated twelve patients, five of whom where children, who suffered from a left 

hemisphere stroke in childhood and found right lateralized language to be favorable for 

language outcome. 15 However, language outcome in this study was only examined by a 

questionnaire to the patient or the parents, which limits information on language abilities. 

The present study shows that the relationship between language functioning and language 

lateralization is present across a wide range of lesion volumes and irrespective of the 

hemispheric side of the lesion. This critical role of the left hemisphere even in left 

hemisphere stroke supports the view of an ontogenetic predisposition of the left hemisphere 

for the maturation of linguistic functions. 12 Children with left hemisphere language regions 

spared by or recovered after stroke may develop normal or near-to-normal language 

functions, whereas children with language regions affected by stroke may develop bilateral 

or right language lateralization which represents a substitutive mechanism. 41 This 

substitution of language areas seems to be associated with reduced efficiency.

4.2 The relationship between language lateralization and language performance in 
healthy children

In the healthy control group, we did not observe an association of language laterality and 

language functioning. However, this finding should be interpreted with caution, as the 

variability of language lateralization was limited in this group: only two children showed 

atypical language lateralization. Whereas a distribution of 11 % of healthy children with 

atypical language lateralization corresponds to previous findings of studies with larger 

populations, 42 the group of healthy children with atypical language lateralization observed 

in this study is not large enough to perform reliable statistical analyses. Thus, a possible 

relationship may become recognizable with a larger study population of healthy children 

with a more distributed LI. Previous literature in healthy children and adolescents found an 

association between language lateralization and functioning, but conflicting findings were 

reported regarding the nature of this relationship: some studies found a positive correlation 

Bartha-Doering et al. Page 10

Eur J Paediatr Neurol. Author manuscript; available in PMC 2019 January 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



between language lateralization towards the left hemisphere and verbal abilities, 43, 44 

whereas others reported better language performance related to less lateralization and more 

involvement of the contralateral hemisphere. 29, 30, 45–47 The contradictory findings of 

these studies may be the result of different imaging methods and different tasks testing 

different functions. The relationship between lateralization and cognitive functioning has 

been reported as dependent on task demands. 48, 49 Furthermore, the recruitment of right 

homologues may reflect a different underlying mechanism in healthy children compared to 

children with disorders.

4.3 Language reorganization following left- or right-hemispheric childhood stroke

Right lateralized language following left hemisphere stroke has already been reported in 

studies on perinatal stroke 12, 50–52 and in studies on childhood stroke. 9, 13–15, 41, 53, 54 

These studies have reported increased activity in right hemisphere areas homotopic to left 

hemisphere language regions after childhood stroke. Recent findings of Westmacott et al. 

suggest that reorganization of language function may be more likely to involve bilateral 

recruitment following left stroke in childhood than in adulthood. 54 It is therefore suggested 

that in children with left hemisphere stroke, the right hemisphere takes over language 

functions that are typically proceeded in the left hemisphere. 55, 56 The present study 

confirms these findings: While fMRI in healthy participants revealed activations in classical 

language areas including left inferior/middle frontal and left middle temporal regions, 

patients with stroke exhibited increased activations in right hemisphere homologues. We 

found atypical (i.e., bilateral or right) language lateralization in 50 % of children with left 

hemisphere stroke, whereas only 11 % of healthy controls showed atypical language 

lateralization. However, we furthermore included children with right hemisphere stroke in 

our study; interestingly, atypical language lateralization was also present in this group. In 

sum, 33 % of them (3/9) showed bilateral or right lateralized language despite of a lesion in 

the right hemisphere, and despite right-handedness. On the group level, not only language 

abilities, but also the LI did not differ significantly between left- and right-sided stroke. This 

supports the findings of Everts et al. who investigated five children with right stroke and 

found two of them with atypical language dominance. 57 Both their study and ours are 

limited due to their small sample size; thus, it may only be by chance that three of our right-

sided stroke patients, and two in the Evert’s study, showed atypical language representation 

due to the well-known interindividual variability of language dominance. However, to the 

best of our knowledge, no other pediatric study investigated language localization following 

right hemisphere stroke on a group level. Thus, at the moment, we may only hypothesize 

that the complex interplay between the two hemispheres is disturbed not only after left, but 

also after right hemisphere stroke, resulting in an increased involvement of right-sided brain 

areas that are part of the intrinsic language network. The increased right language 

lateralization following both left- and right stroke could further be explained by nonspecific 

mechanisms in language tasks: additional attentional processes may enhance right 

hemisphere involvement in language in patients with brain lesions. 58 This hypothesis is, in 

fact, supported by studies underpinning the role of the right hemisphere in auditory selective 

attention. 59–61 Furthermore, recovery studies in adults suffering from aphasia after left 

hemisphere stroke demonstrate that right hemisphere recruitment often peaks early in 

recovery and decreases over time in association with clinical improvements. 62–65 These 
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findings together with the present results indicate that right hemisphere regions could be 

engaged in an attentional component specific to language processing.

4.4 Cognitive outcome after childhood stroke

Most studies on the cognitive outcome after childhood stroke reported reduced abilities 

predominantly in executive functions, processing speed, and working memory, whereas 

verbal abilities, most often measured as verbal IQ, were much better preserved and often 

described as normal. 66–68 However, the verbal IQ is a gross measure incorporating also 

non-linguistic tests like arithmetics and digit span, which may blur the language findings. 

When language functions are investigated with linguistic measurements in detail, many 

children with stroke do show subtle to profound language deficits. 6–9, 69 Our present study 

corroborates these findings: We administered an extensive language test battery in our study 

population with the aim to obtain a detailed language profile of every child. We found below 

average language functions in 71 % of the stroke study group, with 30 % of them even 

having impaired language abilities in one or more linguistic domains. Considering that 

months to years have passed since stroke and children had time to recover, many of them 

still have to face persistent language problems. It is well known that language problems in 

childhood are associated with poor academic outcomes. These post-stroke language deficits 

will thus influence their professional development and psychosocial aspects of their life.

Whereas some studies reported language deficits both after left and right-sided stroke 

without a significant difference between groups, 7, 9, 70 others could locate post stroke 

deficits in language production and language comprehension to the hemispheric side of the 

lesion and showed that children with lesions in the left temporal lobe had more profound 

impairment in word production, whereas right-sided stroke caused more impairment in 

comprehension and gesture. 71–73 In the present study, we did not observe a lesion-side 

specific pattern: the groups of children with left- versus right-sided stroke did not 

significantly differ in any language domain. A closer look at the individual linguistic profiles 

revealed impaired and below-average language functions in both groups, with naming and 

written language capabilities being most often reduced.

4.5 The effect of lesion site on language performance

Though language impairment has classically been labelled as a cortical deficit, studies in 

adult stroke often report language deficits following subcortical stroke. Especially thalamic 

and basal ganglia lesions have been shown to result in aphasic symptoms, yet, the specific 

functions of these subcortical structures remain rather controversial. 74, 75 The present 

study investigated the effect of cortical/subcortical and thalamic involvement, respectively, 

on language functioning and did not find any effect of lesion location on language 

performance. However, statistical analyses are difficult due to the small sample size and the 

large heterogeneity in lesion site and lesion volume in this study. Predicting an individual's 

language outcome after stroke on the basis of lesion site has been shown to be already 

difficult in adult stroke despite the use of large databases, e.g. PLORAS; 76 it is yet 

impossible to date in studies with small numbers of children who suffered from stroke.
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4.6 The effect of age at stroke on cognitive outcome

Previous literature has shown effects of age at stroke on cognitive outcome. However, 

studies investigating this question often compared perinatal and neonatal stroke outcome 

with childhood stroke outcome, and their findings were contradictory, with some studies 

revealing better cognitive outcome in perinatal stroke compared to childhood stroke, 13 and 

others reporting worse outcome in stroke aquired during the perinatal phase compared to 

later stroke. 7, 9, 77, 78 Yet, perinatal stroke and neonatal stroke may have different 

underlying pathologies compared to childhood stroke, which may potentially influence 

outcome. 79 Furthermore, perinatal and neonatal strokes have a higher risk of post-stroke 

epilepsy and other co-morbidities, which is well known to have a negative impact on 

cognition. 80 Studies investigating a possible age effect on language outcome in childhood 

stroke alone did no find an association between age at stroke and language functioning. 41, 

81, 82 This is in line with our study which reveals no significant association between age at 

stroke and language performance. Yet, given the rarity of childhood stroke, sample sizes 

were often small, as in the present study. Thus, the effect of age at stroke may be difficult to 

statistically disentangle from other associated variables. However, such an effect might not 

exist at all, as a recent study on long-term outcome following ischemic stroke, including 95 

children and 154 young adults, did also not find a significant difference between functional 

outcome of childhood and young adult stroke. 83

4.7 Limitations

Some limitations of our study have to be considered. First, the patient group is rather small, 

which limits the interpretability of results. The small sample size is due to the rarity of 

disease, and in addition a consequence of our strict inclusion criteria: unilateral stroke in 

previously healthy children and the absence of epilepsy at examination further restricts the 

inclusion of possible participants. Second, both age at examination and age at stroke show 

large variability. Statistical analyses do not show a significant influence of these 

demographic factors on outcome or language laterality. Nonetheless, they may influence 

outcome parameters. To overcome this limitation, individual language profiles and 

interpretation of intrasubject correlations are important apects of this study. Third, the period 

between stroke and examination also varies. Whereas some children were tested years post 

stroke, others experienced their stroke only several months before examination. Thus, 

reorganizational processes may not be completed in the latter. Though no correlation 

between post-stroke period and neither outcome nor language laterality was found, it may 

probably have an influence on individual results and has to be taken into account when 

interpreting the results of the study. Whereas the findings of a relationship between language 

laterality and language functioning remain unaffected by the post-stroke period, conclusions 

about long-term language outcome of childhood stroke may be limited. Fourth, recording of 

in-scanner task accuracy was missing due to technical reasons in many participants. While 

on-site check of in-scanner performance showed adequate response during the fMRI 

paradigm in all participants, a quantitative analysis of task performance and the investigation 

of the relationship between in-scanner performance, out-scanner performance, and language 

laterality probably may provide important additional information.
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4.8 Conclusions

Children with focal brain lesions frequently demonstrate atypical language representations 

with increased involvement of right hemispheric language areas. However, these alterations 

of functional language representation seem to be insufficient in compensating for deficits in 

various language domains. Right homologues do not have the same cognitive capacity, even 

in young children. Atypical right hemispheric language representation after childhood stroke 

may represent the functionally insufficient compensation for language network alterations, 

rather than true brain “plasticity” or “reorganization” – terms which are frequently cited in 

this context.
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Figure 1. 
Individual language profiles in stroke patients. The solid line represents SD -2 (impaired 

function), the dashed line SD -1 (below average function).
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Figure 2. 
Individual language activations (puncorr < .001) on the individual 3D rendered brain from 

T1-weighted normalized images. Group activations (fixed effect, pFWE < .05) of the left 

stroke group and the right stroke group, respectively, on the 3D rendered brain of one 

participant. Left is left-hemisphere (LH).
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Figure 3. 
LIs in study participants. LIs are depicted in individual study participants and in the groups 

of healthy controls, stroke patients overall, right stroke patients, and left stroke patients. ° 

indicates asymmetric outliers, * indicates extreme outliers (farther than 3 interquartile 

ranges).
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Figure 4. 
Association of language laterality and language functioning. The association of LI and 

naming and word fluency respectively, in stroke patients.
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Table 3
Group analyses of language activations in stroke patients

Anatomical region MNI coordinates Cluster size T

x y z

LEFT STROKE GROUP

Left hemisphere

Medial frontal gyrus -3 15 49 20109 10.01

Insula/inferior frontal gyrus -30 26 -3 466 7.44

Middle frontal gyrus -48 3 51 124 6.77

Fusiform gyrus -50 -52 -12 95 6.03

Middle frontal gyrus -36 0 64 39 6.49

Medial frontal gyrus -3 39 39 59 5.34

Inferior frontal gyrus -51 15 18 40 5.46

Inferior frontal gyrus -53 20 28 4 4.85

Inferior occipital gyrus -27 -85 -14 5 4.83

Middle frontal gyrus -51 12 33 1 4.72

Right hemisphere

Inferior frontal gyrus/insula 45 23 -3 2965 8.74

Superior temporal gyrus 50 -24 0 1131 8.62

Middle frontal gyrus 51 41 18 28 5.43

Middle frontal gyrus 29 51 -9 18 5.08

RIGHT STROKE GROUP

Left hemisphere

Medial frontal gyrus -3 12 57 2409 10.88

Precentral gyrus/inferior frontal gyrus /superior temporal gyrus -50 -3 51 6876 9.48

Fusiform gyrus -44 -53 -11 217 6.89

Angular gyrus -38 -62 26 78 5.70

Cuneus -14 -83 7 85 5.58

Hippocampus -18 -7 -15 17 5.46

Inferior temporal lobe -38 -29 -15 24 5.30

Middle temporal lobe -60 -51 7 5 4.96

Inferior temporal lobe -39 -12 -26 1 4.84

Cuneus -5 -83 15 1 4.75

Right hemisphere

Inferior frontal gyrus/insula 50 24 -3 1607 8.00

Middle frontal gyrus 38 5 45 581 7.22

Middle/superior temporal gyrus 48 -18 -14 658 6.96

Insula 26 18 -15 162 6.44

Superior temporal gyrus 44 -35 7 143 6.07

Angular gyrus 42 -63 26 93 5.92
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Anatomical region MNI coordinates Cluster size T

x y z

Inferior frontal gyrus 54 29 18 146 5.60

Inferior frontal gyrus 38 15 32 50 5.27

Cuneus 21 -74 12 31 5.13

Middle frontal gyrus 32 5 59 29 5.02

Fusiform gyrus 32 -41 -21 4 4.98

Superior temporal gyrus 65 -4 -6 4 4.97

Inferior frontal gyrus 41 24 15 4 4.83

Inferior frontal gyrus 48 38 11 1 4.77

Note: Fixed effext analyses, FWE-corrected, p < 0.05. Coordinates are given of the peak voxel in activated clusters.
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Table 6
Correlation of language laterality with language functioning

Stroke patients Healthy controls

rho p rho p

Naming 0.68 0.003 -0.44 0 .065

Comprehension 0.04 0.892 -0.35 0 .150

Reading 0.12 0.163 -0.48 0 .044

Writing 0.35 0.163 0.17 0 .497

Word fluency 0.79 0.000 -0.11 0.659

Verbal memory 0.20 0.442 -0.14 0.589

Note: Significance after Bonferroni correction is indicated with bold letters.
Abbreviation: LI = Language Laterality Index
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