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Abstract

This study considered the involvement of the mesial temporal lobe (MTL) in language and verbal 

memory functions in healthy children and adolescents. We investigated 30 healthy, right-handed 

children and adolescents, aged 7 to 16, with a fMRI language paradigm and a comprehensive 

cognitive test battery. We found significant MTL activations during language fMRI in all 

participants; 63% of them had left lateralized MTL activations, 20% exhibited right MTL 

lateralization, and 17% showed bilateral MTL involvement during the fMRI language paradigm. 

Group analyses demonstrated a strong negative correlation between the lateralization of MTL 

activations and language functions. Specifically, children with less lateralized MTL activation 

showed significantly better vocabulary skills. These findings suggest that the mesial temporal 

lobes of both hemispheres play an important role in language functioning, even in right-handers. 

Our results furthermore show that bilateral mesial temporal lobe involvement is advantageous for 

vocabulary skills in healthy, right-handed children and adolescents.
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1 Introduction

The mesial temporal lobe (MTL) is traditionally considered critical for episodic memory 

functions, yet its contribution to language processing is a recent finding. Our work and 

others demonstrate with functional magnetic resonance imaging (fMRI) that the MTL plays 

a role in vocabulary and verbal fluency in healthy right- and left-handed adults (Alessio et 

al., 2006; Bartha et al., 2003; Bonelli et al., 2011; Tomaszewki Farias, Harrington, 

Broomand, & Seyal, 2005). Clinical evidence suggests that focal lesions in the left, but also 

the right MTL induce linguistic deficits, especially in naming and category fluency (Bartha-

Doering & Trinka, 2014; Bartha, Benke, Bauer, & Trinka, 2005a; Bartha et al., 2004; 

Gabrieli, Cohen, & Corkin, 1988; Powell et al., 2008; Sabsevitz et al., 2003). Furthermore, it 

has been shown that left hippocampal pathology affects language reorganization in adults 

and children (Hamberger et al., 2007; Liegeois et al., 2004).

These findings underscore the role of the MTL in naming and word retrieval, though its 

involvement in broader language skills is not yet fully understood. The hippocampal 

formations have long been known for their role in relational binding and in online 

information processing in memorization (Eichenbaum, Yonelinas, & Ranganath, 2007). Duff 

and colleagues have proposed that these processes are not only important for episodic 

memory, but also support the language processing system in rapid access of information and 

integration of contextual information (Duff & Brown-Schmidt, 2012; Kurczek, Brown-

Schmidt, & Duff, 2013). This hypothesis is supported by findings in patients with 

hippocampal amnesia that have deficits in establishing, recovering, maintaining, and the use 

of relational memory representations in conversation (Duff, Gupta, Hengst, Tranel, & 

Cohen, 2011; Duff, Hengst, Tranel, & Cohen, 2008).

The lateralization of language is of clinical and theoretical relevance. The degree of 

language lateralization represents a prognostic factor of language deficits after unilateral 

brain lesions (Jansen et al., 2006; Knecht et al., 2002). The determination of language 

lateralization is also important for the preoperative investigation of epilepsy patients, as the 

risk of postoperative language and memory deficits is related to preoperative language 

lateralization (Bell, Davies, Haltiner, & Walters, 2000; Bonelli et al., 2012; Sabsevitz et al., 

2003). Furthermore, disorders like autism (Kleinhans, Muller, Cohen, & Courchesne, 2008; 

Knaus et al., 2010), specific language impairment (Badcock, Bishop, Hardiman, Barry, & 

Watkins, 2012; de Guibert et al., 2011), and dyslexia (Heim, Eulitz, & Elbert, 2003) have 

been linked to abnormal language lateralization.

For the recognition and understanding of atypical language lateralization patterns in children 

and adolescents with neurological diseases, knowledge about language lateralization in 

healthy children and its possible impact on language functioning is important. Some studies 

in healthy children and adolescents show a correlation between better linguistic abilities and 

greater left lateralization of language regions (Everts et al., 2009; Groen, Whitehouse, 

Badcock, & Bishop, 2012). However, not all studies find that increased lateralization is 

associated with better performance; rather some studies suggest that the relationship 
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between language lateralization and language functioning in healthy children may be task 

and region dependent (Berl et al., 2010; Berl et al., 2014; Lidzba et al., 2011).

Accordingly, the relevance of laterality for MTL involvement in language processing is 

unknown. Clinical studies in adults reported linguistic deficits in both left and right temporal 

lobe epilepsy patients (Bartha-Doering & Trinka, 2014). However, a significant association 

of left hippocampal activations during a language fMRI task with naming performance has 

been shown in healthy participants, and in patients before and after epilepsy surgery (Bartha 

et al., 2005b; Bonelli et al., 2011). Moreover, better naming correlated with larger activation 

in the remaining left posterior hippocampus following epilepsy surgery (Bonelli et al., 

2012). Few studies have been conducted with children. Recently, Sepeta et al. (2016) 

demonstrated MTL activation during an auditory description definition task not only in 

healthy adults, but also in the majority of healthy children, thus underlining the role of MTL 

in language early in development. Yet, the developmental finding was that activation in the 

MTL was more bilateral in children than in adults. Thus, there may be developmental 

differences in the role of left and right MTL, respectively, in neural language organization. 

However, these authors did not examine how language laterality in the MTL is associated 

with language performance.

In the present study, we investigated the association between MTL activation during an 

auditory description definition task and language competence in healthy children and 

adolescents. We hypothesized that, similar to lateralization of classical language areas, 

stronger lateralized activation of the MTL will be associated with better language 

performance in healthy children and adolescents.

2 Methods

2.1 Participants

Thirty healthy children and adolescents, aged 7 to 16 years (mean 10.27, sd 2.80), 

participated in the study. All participants (12 girls, 18 boys) were native, monolingual 

German speakers with no history of neurological disease and no clinical evidence of 

neurological dysfunction or developmental delay. No study participant was on medication. 

All children and adolescents had normal or corrected-to-normal vision and normal hearing. 

All participants were right-handed, Edinburgh Handedness Inventory EHI (Oldfield, 1971) 

ranging from +50 to +100 (mean 93.33, sd 12.95). Participants were recruited by flier 

distribution at the Medical University Vienna and received a 30 € voucher for a book store. 

The study was approved by the Ethics Committee of the Medical University Vienna in 

accordance with the Helsinki Declaration of 1975.

2.2 Data acquisition

2.2.1 Neuropsychological examinations—All participants underwent standardized 

cognitive assessment. Expressive vocabulary was investigated with the Wortschatz- und 

Wortfindungstest WWT (Glück, 2011). This test provides information about expressive 

vocabulary in different lexical categories including nouns, verbs, and adverbs/adjectives. 

Immediate auditory attention, short-term, and working memory was measured by digit span 
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forward and backwards tasks of the Hamburger-Wechsler-Intelligenztest für Kinder IV 

(Petermann & Petermann, 2008). Verbal learning was assessed using the Verbaler Lern- und 

Merkfähigkeitstest (Helmstaedter, Lendt, & Lux, 2001), the German version of the Auditory 

Verbal Learning Test (Lezak, 1995). This test provides scores for verbal learning learning 

curve, verbal short-term recall after distraction, verbal long-term recall, and verbal 

recognition. Semantic verbal fluency was evaluated with the Regensburger 

Wortflüssigkeitstest (Aschenbrenner, Tucha, & Lange, 2001) which requires the participant 

to name, within two minutes, as many words as possible in the category of animals 

(Regensburger Wortflüssigkeitstest, RWT).

In order to gain information about non-linguistic cognitive functioning, a perceptual 

reasoning index was measured with the subtests block design, matrix reasoning, and picture 

completion of the Hamburg-Wechsler Intelligenztest für Kinder HAWIK IV (Petermann & 

Petermann, 2008), the German equivalent of the Wechsler Intelligence Scale for Children.

Raw scores of cognitive tests were transformed into age adjusted percentiles for each 

cognitive test. For the WWT vocabulary norms are only available from 6 to 10;11 years of 

age. For the ten adolescents aged 11-16, we therefore decided to transform the WWT raw 

scores into percentiles based on the 10;11 year old children with the risk of an 

overestimation of percentile rank results in the elder participants. We therefore included 

analyses for the WWT results without the ten adolescents aged 11-16 yielding a sample of 

n=20 (marked in the analyses with n=20).

2.2.2 fMRI Paradigm—During fMRI assessment, the German version of an auditory 

description definition task was applied. This paradigm reliably lateralizes language and 

elicits mesial temporal lobe activation in healthy children (Balsamo, Xu, & Gaillard, 2006; 

Berl et al., 2014; Gaillard et al., 2007; Sepeta et al., 2016; You et al., 2011). During this task, 

participants listened via headphones to a definition of an object followed by a noun. 

Participants were instructed to press a button each time they judged that the description did 

not match the noun. For instance, “A long yellow fruit is a banana.” (true response) or 

“Something you sit on is a spaghetti.” (not true). Seventy percent of items were correct 

targets, matching pairs were pseudo-randomly distributed. This paradigm requires 

comprehension of a phrase, vocabulary knowledge, semantic recall, and a semantic decision. 

During the control condition, participants listened to verbal stimuli presented in reverse 

speech. The participants were instructed to press a button each time he/she heard a tone 

following the auditory string. The baseline was designed to control for first and second order 

auditory processing, attention, and motor response, while engaging the broad language 

processing network on an individual basis (You et al., 2011). Task performance was 

evaluated by the overall percentage accuracy for the language task and the control task 

separately.

Target nouns were selected according to linguistic criteria including word frequency, word 

length, and word complexity and were well balanced within five semantic categories. Three 

age appropriate levels of difficulty were available (7–9 years old, 10–12 years old, 13-16 

years old). The difficulty level was achieved by manipulating the task vocabulary based on 

word normative data (http://www.wortschatz-unileipzig.de).
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A block design was used composed by five language task blocks alternating with five 

baseline blocks. Each block lasted for 40 seconds and consisted of 10 sentences presented 

every four seconds. Total fMRI scan time was 6 minutes 40 seconds. Prior to the MRI 

measurement, children were prepared for the MRI session with a video clip and a training 

session. The video showed the MRI setting, including the MRI noise, and followed a child 

from entrance to the MRI institute until the scanning procedure. In addition, the study 

participants were asked to practice the fMRI paradigm with 10 training-items of the 

language task and the control task, respectively.

2.2.3 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 1.10mm, flip angle 9°) sequence. 

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

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

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

AC-PC plane using a repetition time (TR) of 2000 msec, echo time (TE) 42 msec, and a flip 

angle of 90.

2.3 Data analysis

Pre-processing and statistical analyses were carried out in SPM8 (Wellcome Department of 

Cognitive Neurology, London, United Kingdom) using MATLAB (Version 8.3 Mathworks, 

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

movement. Employing the Template-O-Matic toolbox TOM (Wilke, Holland, Altaye, & 

Gaser, 2008), customized prior probability maps and one customized T1 template were 

created, matched to age and gender composition of the study group. This approach to 

template creation employs the general linear model and is based on pediatric imaging data 

from the NIH study on healthy brain development (Evans & The Brain Development 

Cooperative Group, 2006). Each subject’s anatomical image was segmented with the 

customized priors and the customized T1 template. After coregistration, the derived spatial 

normalization parameters were used to normalize the functional volumes. Normalized EPI 

volumes were smoothed using a spatial filter kernel of FWHM of 8 mm. BOLD signal 

increases pertaining to task-evoked responses in brain activity were modeled as a block 

design using a general linear model as implemented in SPM. The canonical double-gamma 

hemodynamic response function (HRF) was convolved with the block design. Regressors 

modeling residual movement related variance (translational and rotational movement) were 

included in the model as covariates of no-interest. An anatomical MTL mask incorporating 

hippocampus and parahippocampal gyrus was created using the WFU PickAtlas (Maldjian, 

Laurienti, Kraft, & Burdette, 2003). This region of interest (ROI) was applied to whole brain 

activation t-maps calculated without restrictions.

At the individual level, statistical parametrical maps were thresholded at puncorr < .001 to 

provide a balance between the risk of type-I versus type-II errors (Ahmad, Balsamo, Sachs, 
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Xu, & Gaillard, 2003; Holland et al., 2007; Norrelgen, Lilja, Ingvar, Amark, & Fransson, 

2015). For illustration of individual activations (Figure 2), threshold was set at T = 2. 

Lateralization of activations was estimated on the single-subject level by use of the LI-

toolbox (Wilke & Lidzba, 2007). The MTL ROI was used as inclusive mask. In order to 

avoid the threshold dependency of simple lateralization indices, a bootstrapping approach 

was employed (Lidzba et al., 2011). The algorithm was applied to statistical maps (t-maps). 

With this approach, a multitude of bootstrapping resamples from the original dataset is 

analyzed at different thresholds, yielding a single, weighted mean laterality index (LI) which 

is based on the whole of the underlying dataset (Wilke & Schmithorst, 2006). This was done 

for each of the 30 subjects. LI was calculated according to the formula :

LI =
(∑activationleft)/mwf − ∑activationright
(∑activationleft)/mwf + ∑activationright

where “∑activation” is the sum of activated voxels and “mwf” is the mask weighting factor 

(Wilke & Lidzba, 2007). Based upon previous studies (Lidzba, de Haan, Wilke, Krageloh-

Mann, & Staudt, 2017; Lidzba, Kupper, Kluger, & Staudt, 2017), for single subject analyses 

LI was categorized as left lateralized if ≥ .20, bilateral if within -.20 and +.20, or right if ≤ -.

20. Furthermore, to investigate laterality regardless of the direction (left or right), we 

calculated the strength of laterality using the absolute value of the laterality index |LI|. This 

measurement avoids predetermined categorical allocations of MTL activations into 

“bilateral” or “lateralized”, but provides information about the absolute degree of 

lateralization.

To examine the group effect of MTL activations, one-sample t tests were used, corrected for 

multiple comparisons family-wise error (FWE) with p < .05.

Statistical analyses of behavioral data were conducted using SPSS Statistics (version 22.0). 

Because laterality indices and behavioral data were not normally distributed, nonparametric 

testing was conducted whenever analyses included laterality indices and/or cognitive test 

results. The strength of the relationship between continuous variables (cognitive test scores, 

laterality indices, strength of lateralization, age at examination) was examined using 

Spearman’s rank correlation coefficient. Partial nonparametric correlation was calculated 

using the partial Spearman coefficient. Nonparametric Mann-Whitney U test was used to 

examine if cognitive test scores, laterality indices, or strength of lateralization differed by 

sex. Significance of correlations was set based on a strict Bonferroni correction factor, i.e. α 
= .05 / number of comparisons, which corresponds to a significance threshold of .006. 

Fisher’s r-to-z transformation was used to assess the significance of the difference between 

two correlation coefficients.

3 Results

3.1 In-scanner performance

On-site check of in-scanner performance showed that all children and adolescents were able 

to follow the fMRI instructions and perform the fMRI paradigm. However, task accuracy is 
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missing for 8 participants due to technical reasons. In-scanner behavioral test results are 

presented in Table 1. In-scanner performances did not correlate significantly with age 

indicating proper matching of task demands to age. Furthermore, task performance did not 

differ significantly by gender.

3.2 Cognitive test results

Cognitive test results are depicted in Table 1. As expected, the participants performed in the 

average range or better, though there was considerable variability. Even with age adjusted 

scores, verbal recognition correlated with age, with older participants performing better in 

verbal recognition than younger ones (r = .50, p = .005). Cognitive test results did not differ 

significantly by gender.

Correlation between cognitive test results revealed significant correlations between in-

scanner language task and in-scanner control task (r = .67, p = .001), between all verbal 

memory measures (r = .69 to .88, p = .000), and between expressive vocabulary and verbal 

learning (r = .59, p = .001), verbal short-term memory (r = .49, p = .005), verbal long-term 

memory (r = .52, p = .003), and verbal recognition (r = .52, p = .004), respectively. No 

significant association surviving Bonferroni correction was found between perceptual 

reasoning and any language measure.

3.3 Direction and strength of lateralization of MTL activations

In fMRI group analysis, second level one sample t-test revealed significant MTL activation, 

with a larger cluster in the left hemisphere than in the right hemisphere and with a group 

weighted mean MTL laterality index of +.55 (Table 2, Figure 1).

In single subject analyses, all participants exhibited MTL activations at the significance 

threshold at puncorr < .001 (Figure 2). In the individual analyses, left LI in the MTL was 

found in 20 children (66.7 %), bilateral LI in four participants (13.3 %), and right LI in six 

participants (20.0 %). Individual MTL laterality indices ranged from -.55 to +.91 (Table 3). 

MTL laterality indices did not significantly differ by gender and did not correlate with age or 

handedness. Individual strength of laterality of MTL activations—absolute value of LI value

—ranged from .02 to .91 and did not differ significantly by gender nor correlated with 

handedness. A modest negative correlation with age was found (r = -.40), though correlation 

did not survive Bonferroni correction.

3.4 Relationship between cognitive test results and MTL laterality

Even though the correlation between age and language laterality did not survive correction 

for multiple comparisons, we took a conservative approach and controlled for age effects 

with partial Spearman correlation because of the modest strength of the correlation 

coefficients.

We found a significant negative correlation between expressive vocabulary and the laterality 

index of the MTLs (r = .61, p = .001), however, this finding was no longer significant in the 

analysis of the n=20 group (Table 4). Individual MTL laterality indices did not correlate 

significantly with in-scanner task performance, verbal memory test results, or verbal fluency. 
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Moreover, there was no correlation between MTL laterality and non-linguistic perceptual 

reasoning.

We furthermore found a significant negative correlation between the strength of MTL 

laterality and expressive vocabulary (r = -.71, p = .000), and this significance of correlation 

remained so in the analysis of the n=20 group (r = -.73, p = .000). No further language or 

memory test result, nor the perceptual reasoning index, correlated significantly with the 

strength of laterality of the MTL activations. However, some modest correlations between 

the strength of laterality and cognitive test results were found which did not survive the strict 

correction of multiple comparisons, but all showed a negative relationship. Thus, with a 

rigorous approach, stronger left MTL lateralization was associated with worse expressive 

vocabulary, and greater lateralization of MTL activations was associated with worse 

expressive vocabulary, which was consistent with an overall pattern across all measures that 

stronger lateralized MTL activations were associated with worse performance of various 

verbal functions.

A comparison of r-values reveals that absolute laterality has a stronger relationship to 

expressive vocabulary (n=20) than left laterality (z = 2.02, p = 0.02). This non-linear 

relationship between language laterality and expressive vocabulary is illustrated in Figure 3, 

where the MTL laterality indices and expressive vocabulary results are fitted with LOESS 

locally weighted scatterplot smoothing. Figure 3 shows an inverted L shaped curve 

illustrating the relationship between the laterality index of MTL activation and expressive 

vocabulary performance.

3.4.1 Relationship between the strength of MTL lateralization and expressive 
vocabulary: variation by age—In a post-hoc analysis, we examined whether the 

relationship between the strength of MTL language lateralization and expressive vocabulary 

varied by age. For this purpose, we divided study participants into three age groups with 10 

participants each. In group 1 (aged 7 to 8), nonparametric Spearman correlation analysis 

revealed a significant negative correlation between the strength of lateralization and 

expressive vocabulary (r = -.74, p = .015). Group 2 (aged 9 to 10) still showed a high 

correlation, though less significant (r = -.69, p = .029). Finally, group 3 (aged 11 to 16) 

revealed a moderate, but not significant correlation between the strength of MTL language 

lateralization and expressive vocabulary (r = -.48, p =. 163). Fisher r-to-z transformation 

shows no significant differences between the correlation coefficients of the age groups.

4 Discussion

The present study focuses on the MTL involvement in language and verbal memory 

functions in children and adolescents. We therefore tested 30 healthy, right-handed children 

and adolescents with a well-known fMRI language paradigm and a comprehensive cognitive 

test battery. We found significant MTL activations during the language fMRI in all 

participants; the majority of them had a left lateralized MTL laterality index, but 20% 

exhibited right MTL language lateralization, and 13% showed a bilateral MTL laterality 

index during the fMRI language paradigm. Greater lateralization of MTL activation to the 

left or right hemisphere was significantly correlated with worse expressive vocabulary 
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abilities in healthy children and adolescents. The lack of a significant correlation between 

MTL laterality and non-linguistic perceptual reasoning furthermore shows that the 

lateralization findings were specific to language.

The findings of the present study suggest that the MTL of both hemispheres may play an 

important role in language functioning in healthy right-handed children. Previous clinical 

studies support this view. Investigating neurosurgical patients, Jacobs et al. (2016) showed 

that deep brain stimulation in both the entorhinal region and hippocampus caused decreased 

memory performance for both verbal and spatial information. It is furthermore known that 

unilateral mesial temporal lobe epilepsy may lead to deficits in semantic fluency and 

expressive vocabulary, often irrespective of the epileptogenic side, both in children and in 

adults (Bartha-Doering & Trinka, 2014; Bartha et al., 2005c). In a large study on episodic 

and semantic memory in 66 children with temporal lobe epilepsy, Smith and Lah (2011) 

observed high rates of impairments across tasks and did not find differences related to the 

laterality of temporal lobe pathology. Specifically, damage to either left or right MTL may 

result in verbal memory deficits. Furthermore, Skirrow et al. (2015) showed that better 

verbal memory following temporal lobe epilepsy surgery in children was linked to larger 

post-surgical residual hippocampal volumes, more robustly in left surgical participants, but 

also in children after right temporal lobe surgery. In addition, Bonelli et al. (2012) showed 

that ipsilateral recruitment involving the posterior hippocampal remnant is important for 

maintaining language, while reorganization to the contralateral hemisphere is less effective 

in adult patients following epilepsy surgery and can be associated with a decrease of 

proficiency in language abilities.

Our results furthermore suggest that lateralized MTL activation during a semantic language 

paradigm does not necessarily engender better language performance. We are not aware of 

previous studies that focus on the impact of MTL lateralization on language functioning. 

There are, however, neuropediatric studies that investigate laterality in cortical regions 

during semantic language tasks and the relationship to performance. While many of them 

reported a positive correlation between linguistic abilities and left lateralization of language 

in the brain across different populations (Lillywhite et al., 2009; Elkana et al., 2011; de 

Guibert et al., 2011; Everts et al., 2009), there are also some instances when better verbal 

skills are associated with less lateralized language (Lidzba et al., 2011). Yeatman et al. 

(2010) furthermore showed that frontal regions bilaterally become more active in response to 

increasing task demands in children with superior receptive language skills than in children 

with average language abilities. One possible explanation for discrepant results is that less 

language lateralization may reflect a different underlying mechanism in children with 

language deficits compared to healthy children, and the recruitment of contralateral 

homologues may represent a different strategy. In children with language deficits, less 

lateralization may represent a compensatory mechanism while in children with strong 

language skills, less lateralization may represent a superior mechanism.

An alternative explanation is that the relationship between language lateralization and 

language functioning may be task and region dependent. This is illustrated by studies in 

healthy children who showed that stronger left temporal lateralization during an auditory 

description definition task was associated with better object naming and right lateralized 

Bartha-Doering et al. Page 9

Brain Lang. Author manuscript; available in PMC 2018 October 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



cerebellar activation was significantly correlated with better core language skills (Berl et al., 

2014). In a second study they found that greater left frontal lateralization during reading 

fMRI was associated with better post-scan performance, and frontal activation during story 

listening was positively correlated with better performance on comprehension questions, 

whereas temporal activations during both fMRI tasks showed no correlations with post-task 

performance or cognitive skills (Berl et al., 2010). Thus, laterality may be advantageous or 

not depending on the specific region of the brain and the skill being assessed. These studies 

focused on specific language ROIs and do not report specific findings of MTL contributions 

to language abilities.

Our present study shows a strong negative linear correlation between the strength of 

language laterality in the MTL and vocabulary, thus the less lateralized MTL activation, the 

better was a child’s vocabulary. The relationship between MTL activation and linguistic 

performance is however best described in using a LOESS-approach of the hippocampal 

language laterality and linguistic performance which forms a non-linear, inverted L shaped 

curve. It may be hypothesized that with the inclusion of more participants with negative LI 

values, this curve may form a U-shape reflecting lower vocabulary performance with greater 

left- or right-sided strength of laterality. Such a curve has already been described by 

Hirnstein, Leask, Rose, and Hausmann (2010) who used visual half-field tasks of word-

matching and face-decision and found a slight to moderate degree of hemispheric 

asymmetry to achieve best cognitive performance, while performance deteriorated towards 

extreme ends of lateralization. Interestingly, Boles, Barth, and Merrill (2008) demonstrated 

with visual half-field and dichotic listening that the asymmetry-performance relationship is 

not only U shaped, but also modality dependent, with a strong lateralization being associated 

with increased performance for auditory language tasks, but decreased performance in visual 

lexical processes. Thus, the relationship between language abilities and functional 

asymmetry may be more complex than a simple linear relationship, and for further studies in 

this field, a non-linear approach of data analyses should be taken into consideration.

In the present study, our hypothesis that stronger left lateralized activation of the MTL 

would be significantly associated with better language performance was not supported. 

Instead, we found that children with strongly left lateralized MTL activation had worse 

expressive vocabulary, whereas bilateral activation during an auditory description definition 

task was associated with better expressive vocabulary.

We found a trend of a negative correlation of the strength of laterality with age, i.e. younger 

participants revealed more lateralized MTL activations, though significance of this finding 

did not survive Bonferroni correction. Given that the in-scanner cognitive stimulus set varies 

as a function of age, this effect could be driving the age affect. However, age-related 

differences in functional laterality may be related to the protracted development of the 

hippocampus. Although some investigations found little to no relationship between 

hippocampal volume and age (Giedd et al., 1996; Yurgelun-Todd, Killgore, & Cintron, 

2003) and conclude that the development of the hippocampal formation, except the dentate 

gyrus, is completed in the first years of life (Gilmore et al., 2012; Seress, 2007; Seress & 

Ribak, 1995), others found that total hippocampal volume increases with age (Ostby et al., 

2009). When investigated in greater structural detail, studies report age-related variations in 
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hippocampal volume along the longitudinal axis of the hippocampus (Gogtay et al., 2006; 

Insausti, Cebada-Sanchez, & Marcos, 2010). More recently, when measuring across 

different subregions along the longitudinal axis of the hippocampus, age-related differences 

in language and memory were found (DeMaster, Pathman, Lee, & Ghetti, 2014; Deniz Can, 

Richards, & Kuhl, 2013). Another study showed that the relation between bilateral 

hippocampal volume and expressive language increases with age (Lee et al., 2015). Parsing 

functional activation into subregions of the hippocampus is a technical challenge but is 

underway (Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005); however, it has not 

been applied in children or epilepsy populations. In addition to not acquiring the data in a 

way that would allow this analysis, our study population is not large enough to study this 

relationship. However, in a post-hoc explanatory analysis, we examined whether the relation 

between MTL language lateralization and expressive vocabulary varied by age group. In the 

youngest age-group, the negative correlation coefficient between MTL language activations 

and expressive vocabulary was the highest, indicating that the involvement of both MTLs is 

more advantageous for expressive vocabulary in younger children. However, this difference 

by age groups was not statistically significant. Though this post-hoc analysis is limited due 

to the small subgroups and the artificial subdivision in age-groups, our data indicate that age 

is not a factor moderating the relationship between language lateralization in the MTL and 

expressive vocabulary.

The present study found lateralized MTL activation to a greater degree and more 

consistently than the study of Sepeta et al. (2016). Though we used the same paradigm, 

these findings may be due to a number of differences. Differences in fMRI parameters may 

contribute to the different results between Sepeta et al. and the current study, given that our 

task acquisition had a shorter TR which allows for more datapoints to be collected during 

the same paradigm time. In addition to technical differences, the differences may also be 

related to presenting the tasks in different languages. Although English and German belong 

to the same language family, these languages differ in their syntactic complexity. Relative to 

English, German possesses a comparatively rich morphology and a complex word order 

(Hawkins, 1986). Cross-linguistic studies in native speakers of different languages reveal 

common language networks, but also considerable differences in brain areas involved in 

language comprehension (Bick, Goelman, & Frost, 2011; Ge et al., 2015; Szlachta, Bozic, 

Jelowicka, & Marslen-Wilson, 2012). Furthermore, differences in language processing speed 

have been found between English and German native speakers, affected by factors such as 

word length, syllable structure, compounding, initial frication, and degree of word order 

flexibility (Bates et al., 2003; Thierry, 2016). These differences in processing the English 

and German language, respectively, may help to explain the different findings of our study 

compared to the study of Sepeta and coworkers.

Moreover, the participants in our study were older than the children in the study of Sepeta 

and investigators. Whereas the mean age of their pediatric study sample was 9.9 years with a 

range of 6 to 13, the mean age of our sample was 10.3 with a range of 7 to 16. Sepeta et al. 

found a significant increase of language lateralization towards the left MTL with increasing 

age in their pediatric and adult samples combined, thus older study participants exhibited 

more left lateralized language activations in the MTL than younger study participants. 

Hence, the more left lateralized MTL activations in our study sample can be attributed to the 
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older age of our study participants, which underlines a developmental shift in the 

relationship between MTL and language lateralization.

The mesial temporal lobe mask we used in our study covers the hippocampus proper as well 

as the parahippocampal gyrus. In the current study, the acquisition does not allow for us to 

reliably parse activation into smaller ROIs. Thus our findings are based on the whole MTL 

and conclusions specific to the role of the hippocampus proper in language localization 

cannot be made. However, these two regions differ with respect to their cortical and 

subcortical connections (Eichenbaum et al., 2007; Furtak, Wei, Agster, & Burwell, 2007). If 

and to which degree they also differ in their role in semantic memory and language 

functions, is still a matter of debate (de Haan, Mishkin, Baldeweg, & Vargha-Khadem, 

2006). On the one hand, cognitive investigations of patients with developmental amnesia 

support the view that the hippocampus plays little to no role in semantic memory. The 

patients who acquired bilateral hippocampal damage during their first years of life exhibited 

impaired episodic memory, but revealed intact semantic knowledge and intact language 

functions (Bindschaedler, Peter-Favre, Maeder, Hirsbrunner, & Clarke, 2011; Gadian et al., 

2000; Vargha-Khadem et al., 1997). These findings suggest that while the acquisition of 

context-dependent episodic memory is dependent on the hippocampus proper, perirhinal and 

entorhinal cortices support the formation of context-free semantic memory. While it is 

possible that reorganizational processes take place in early hippocampal damage, this 

hypothesis is further supported by two case studies of adult amnestic patients with acquired 

selective bilateral damage to the hippocampus proper (Holdstock et al., 2002; Verfaellie, 

Koseff, & Alexander, 2000).

In contrast, Squire and others emphasize that at least some patients with isolated 

hippocampal damage exhibit semantic memory deficits and conclude that the hippocampus 

itself supports semantic memory as well as episodic memory (Luo & Niki, 2002; Manns, 

Hopkins, & Squire, 2003; Squire, 2004; Squire & Zola, 1998). Furthermore, research with 

functional neuroimaging in healthy subjects has shown hippocampal activation during 

retrieval of various kinds of semantic knowledge, such as retrieval of elements of semantic 

categories (Ryan, Cox, Hayes, & Nadel, 2008), semantic decisions (Bartha et al., 2003), 

public events (Maguire & Mummery, 1999), and famous people (Bernard et al., 2004).

Projections from lateral temporal to MTL regions are proposed to play a key role in initial 

language learning (Alessio et al., 2004; Breitenstein et al., 2005; Davis, Di Betta, 

Macdonald, & Gaskell, 2009; Knecht et al., 2004; Liegeois et al., 2004; Richardson, 

Strange, Duncan, & Dolan, 2003). In fMRI studies on memory encoding and recognition of 

recently learned spoken words, the MTL is co-activated with the lateral temporal lobe 

(Gagnepain et al., 2011; Takashima, Bakker, van Hell, Janzen, & McQueen, 2014). Davis 

and Gaskell (2009) introduced a model for word learning which involves cortico-

hippocampal connections during two stages of lexical acquisition: whereas the rapid, initial 

acquisition of words is supported by medial temporal and hippocampal learning, slower 

overnight consolidation of previously acquired information is achieved by neocortical 

involvement. This model is supported by findings of an association of spindle activity and 

overnight lexical integration as well as overnight chances in cortical responses to learned 

words (Davis, 2016; Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010).
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In addition, the syntactic frame of the fMRI language task was set so that the participant 

could confirm whether the sentence was accurate only at the end of the sentence (“a long 

yellow fruit is a banana”, “something you sit on is spaghetti”). Thus, the initial part of the 

sentence allows for multiple semantic interpretations, which are integrated and maintained 

incrementally in real-time to process the meaning of the sentence and decide whether it is 

true or not. Studies have shown that language listeners make on-line predictions about 

upcoming words and are capable of modulating these predictions based on the integration of 

new linguistic information with semantic knowledge (Altmann & Kamide, 2007; 

Federmeier, 2007). Duff and colleagues have hypothesized that the same processes by which 

the hippocampal system creates and integrates representations in the formation of new 

memories and maintain them on-line are also necessary for the on-line processing of 

language (Duff & Brown-Schmidt, 2012; Duff et al., 2011; Duff et al., 2008; Kurczek et al., 

2013).

Overall, studies demonstrate that acquiring new semantic facts, making semantic decisions, 

and initial language learning rely on MTL structures. This is in concert with the present 

study which shows a significant association of expressive vocabulary performance with 

MTL laterality during a task that requires vocabulary knowledge.

Children with larger expressive vocabulary were also significantly better in verbal learning, 

short- and long-term recall, and recognition, while there was no association between verbal 

and nonverbal functioning. This result and the lack of a significant association between MTL 

laterality and nonverbal functioning supports that our findings are language-specific. Our 

findings highlight that the mental lexicon uses neural systems that also serve the acquisition 

of episodic information (Bartha et al., 2003; Breitenstein et al., 2005; Ullman, 2001).

Increased knowledge about all regions related to language functioning may not only enhance 

our understanding of the relationship between brain and behavior in healthy children and 

adolescents, but will also expand our range of targets for intervention. There are, for 

example, medicines that target hippocampal functioning which may have secondary positive 

effects on verbal functioning (Breitenstein et al., 2004; Breitenstein et al., 2015). In this 

respect, the present study adds important information on the role of both MTL in language 

functioning. Future studies may use the present findings as a basis for investigating the 

contribution of both MTL to verbal functioning in neuropediatric populations.

Limitations

Our study population consisted of right-handed children and adolescents. While 67 % of 

them showed left MTL lateralization, only 20 % revealed language activations in the MTL 

lateralized to the right hemisphere. Thus, this sample does not provide a balanced 

distribution of MTL laterality indices. Statistical comparisons revealed that the strength of 

laterality has a stronger relationship to expressive vocabulary than left laterality, but an 

inclusion of more right-handed participants with right lateralized MTL activations would 

have enhanced the statistical power and increased the representativeness of the study.
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Furthermore, the findings of the present study can not necessarily be transferred to left-

handed children and adolescents. From our data, we hypothesize that less asymmetry of 

MTL contributions is also favorable for language abilities in left-handed children and 

adolescents, and that data of left-handers would complete the inverted U shape of the 

relationship between laterality index and performance we found in our study. On the other 

hand, previous studies have shown that left-handers represent a much more heterogeneous 

group in both lateralization and performance, and that the relationship between functional 

asymmetry and performance in left-handers is much more complex than in right-handers 

(Somers, Shields, Boks, Kahn, & Sommer, 2015; Szaflarski et al., 2002; Szaflarski et al., 

2012). In a further step, it would therefore be very interesting to investigate the relationship 

between functional asymmetry and performance in left-handed children to form a complete 

picture of the relationship between MTL language contribution and performance in 

childhood.

The lack of normative data for the expressive vocabulary test for children older than 10;11 

years is a further limitation of the study. As the mean difficulty to name the items of the 

WWT decreases exponentially and phases out in a flat curve with 10 years of age (Glück, 

2011), we transformed the WWT raw scores of ten elder participants into percentiles based 

on the 10;11 year old children. Thus, for the interpretation of the results of the whole study 

sample, the risk of an overestimation of percentile rank results for ten elder study 

participants has to be taken into account. However, in a more conservative approach, we 

excluded all adolescents aged 11-16 yielding a sample of 20 children and repeated the 

analyses. While the correlation between MTL language lateralization and expressive 

vocabulary did not survive Bonferroni correction in the reduced sample, the relationship 

between the strength of language lateralization in the MTL and expressive vocabulary 

remained highly significant.

Finally, using a fMRI memory task in addition to the language task in the future will be an 

important step in directly testing the relationship between language and memory 

lateralization. Thus, the question if language lateralization parallels memory lateralization in 

the same individual, and if bilateral hippocampal activation during a memory task is also 

associated with better memory and/or language functions remains an open question.
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Figure 1. 
One sample t-test of mesial temporal lobe activation in the whole group of participants (p < .

05, FWE-corr). Activation is displayed on a single brain in MNI space. Left is left-

hemisphere in axial and coronal views.
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Figure 2. 
Individual analyses of mesial temporal lobe activation in 30 participants. Individual 

activation is displayed on the individual, normalized brain. Left is left hemisphere.
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Figure 3. 
Relationship between the laterality index of MTL activations and expressive vocabulary 

performance, fitted with LOESS locally weighted scatterplot smoothing
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Table 1
In-scanner performance and cognitive test results

Mean (SD) age
r (p)

gender
U (p)

in-scanner task performance

     language task 95.00 (6.20) +.33 (.123) 51.5 (.647)

     control task 95.18 (6.28) +.26 (.248) 53.0 (.744)

cognitive test results

     expressive vocabulary 70.37 (29.38) +.19 (.326) 81.5 (.267)

     expressive vocabulary (n=20) 67.30 (29.07) -.08 (.729) 40.0 (.503)

     verbal span 59.83 (21.95) +.10 (.607) 84.5 (.325)

     verbal learning curve 43.13 (32.60) +.11 (.582) 71.5 (.124)

     verbal short-term memory 50.90 (32.58) -.02 (.911) 93.0 (.545)

     verbal long-term memory 55.37 (30.82) -.02 (.911) 74.0 (.158)

     verbal recognition 37.57 (28.24) +.50 (.005)* 77.0 (.200)

     verbal fluency 34.17 (27.38) +.19 (.321) 80.0 (.249)

     perceptual reasoning index 71.06 (20.37) +.11 (.580) 101.5 (.787)

Mean percentiles and standard deviations of in-scanner task performances and out-scanner cognitive test results of study participants, non-
parametric correlation with age, and differences by gender. Uncorrected p-values are given, statistical significance after Bonferroni correction is 
indicated with *.
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Table 2
Clusters of MTL activations during the auditory description definition task

Cluster size Z mean coordinate SD

x y z

    left MTL formation 1078 6.15 -28 -8 -24 0.03

    right MTL formation 55 6.08 36 -32 -4 0.02

    right MTL formation 73 5.17 42 -20 -20 0.02

    right MTL formation 8 4.83 18 -8 -18 0.05
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Table 3
MTL Language laterality in single subject analyses

mean (SD) age
r (p)

gender
(p)

handedness
r (p)

laterality index in the MTL (LI) +.30 (.43) -.35 (.058) .305 +.34 (.063)

strength of laterality in the MTL |LI| .47 (.24) -.40 (.029) .950 +.05 (.798)

uncorrected p-values are given
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Table 4
Correlation of cognitive test results with laterality indices and strength of laterality, 
controlled for age effects

Laterality index
r (p)

Strength of laterality
r (p)

in-scanner task performance

    language task -.53 (.014) -.46 (.036)

cognitive test results

    expressive vocabulary -.61 (.001) * -.71 (.000) *

    expressive vocabulary (n=20) -.51 (.025) -.73 (.000) *

    verbal span -.28 (.139) -.34 (.074)

    verbal learning curve -.37 (.046) -.47 (.011)

    verbal short-term memory -.36 (.054) -.38 (.040)

    verbal long-term memory -.25 (.199) -.39 (.035)

    verbal recognition -.34 (.071) -.46 (.011)

    verbal fluency -.11 (.571) -.21 (.287)

    perceptual reasoning index -.40 (.033) -.30 (.112)

uncorrected p-values are given, statistical significance after Bonferroni correction is indicated with *
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