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a b s t r a c t 

Is the neuroanatomy of the language structural connectome modulated by the life-long experience of speaking a 

specific language? The current study compared the brain white matter connections of the language and speech 

production network in a large cohort of 94 native speakers of two very different languages: an Indo-European mor- 

phosyntactically complex language (German) and a Semitic root-based language (Arabic). Using high-resolution 

diffusion-weighted MRI and tractography-based network statistics of the language connectome, we demonstrated 

that German native speakers exhibited stronger connectivity in an intra-hemispheric frontal to parietal/temporal 

dorsal language network, known to be associated with complex syntax processing. In comparison, Arabic native 

speakers showed stronger connectivity in the connections between semantic language regions, including the left 

temporo-parietal network, and stronger inter-hemispheric connections via the posterior corpus callosum con- 

necting bilateral superior temporal and inferior parietal regions. The current study suggests that the structural 

language connectome develops and is modulated by environmental factors such as the characteristic processing 

demands of the native language. 
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. Introduction 

Over decades, neuroscientists have revealed an elaborate

nd extensive language processing system in the human brain

 Friederici, 2011 ; Price, 2010 ). Numerous studies have identified

yntactic ( Friederici, 2011 ; Wilson et al., 2011 ) and semantic networks

 Huth et al., 2016 ; Lau et al., 2008 ) which, together with a phonological

etwork ( Hartwigsen et al., 2010 ), appear to form the universal neural

anguage network. However, languages in the world differ immensely

rom one another in the way they encode sound, syntax, and meaning

 Evans and Levinson, 2009 ). Previous studies have shown that human

rain functions are influenced by cross-cultural differences which are

ominated by language diversity ( Paulesu et al., 2000 ; Tang et al.,

006 ). However, it is still an open question whether the characteristics

f a particular language itself have an impact on brain structure. The

resent study aimed to investigate the extent to which the attribute of a

anguage modulates the structure of the universal language processing

etwork. 

The neural language network consists of a core system representing

yntactic knowledge, the lexicon, and the relevant sounds of a lan-

uage, called phonology. This network is complemented by brain struc-

ures that support language processing for speaking, the speech net-
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053-8119/© 2023 Published by Elsevier Inc. This is an open access article under th
ork ( Catani et al., 2013 ; Finkl et al., 2020 ). Language use requires

nformation exchange in those networks and their functionally spe-

ialized regions via a complex system of white matter connections

 Friederici, 2011 ; Hagoort, 2019 ). As white matter connections are

nown to change as a function of use ( Scholz et al., 2009 ; Wake et al.,

011 ), the language and speech structural connectome likely adapts to

he specific processing requirements of a particular language. 

The core language network consists of white matter fiber path-

ays connecting language-relevant brain regions in the left frontal and

emporo-parietal cortices via dorsally and ventrally located pathways

 Friederici, 2011 ). A dorsal language pathway connects the posterior

art of Broca’s area, Brodmann Area (BA) 44 in the inferior frontal gyrus

IFG), and the inferior frontal sulcus (IFS) with parts of Wernicke’s area

n the posterior superior temporal gyrus (pSTG), which is involved in

yntax and grammatical relations ( Friederici, 2011 ; Wilson et al., 2011 ).

n this network, BA44 dominates syntactic processing while the IFS

upports the processing of syntactic dependency relations in sentences

 Friederici et al., 2006 ; Makuuchi et al., 2009 ). A ventral pathway con-

ects the left temporal lobe to the left anterior IFG (BA45/47) and sup-

orts the analysis of semantic relations ( Friederici, 2011 ). The superior

emporal sulcus (STS) and the middle temporal gyrus (MTG) play an im-

ortant role in lexical-semantic access and processing ( Lau et al., 2008 ).
ruary 2023 
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n addition, language processing recruits the inferior parietal lobe (IPL),

ith its posterior area (angular gyrus, AG) supporting the integration of

ncoming information into current contextual and sentence represen-

ations ( Seghier, 2013 ), while the anterior area (supramarginal gyrus,

MG) decodes phonological information ( Hartwigsen et al., 2010 ). In

ddition to these left–hemispheric regions, language processing also in-

olves the right hemisphere. Phonetic information is processed in au-

itory areas in both hemispheres, and suprasegmental information, i.e.

rosody, is mainly processed in the right hemisphere ( Friederici, 2011 ;

ickok and Poeppel, 2007 ). Thus, the corpus callosum (CC) allows

he information transfer between hemispheres as the structural bridge

 Friederici et al., 2007 ). The speech production network involves the

rontal aslant tract (FAT), which connects the pre-supplementary mo-

or area (pre-SMA) and supplementary motor area (SMA) with sub-

egions in the IFG ( Catani et al., 2013 ; Finkl et al., 2020 ), supports

honeme-level and syllable-level ( Dick et al., 2020 ; Finkl et al., 2020 )

rocessing and is associated with speech fluency ( Neef et al., 2018 ).

his network for verbal language production can be segregated from

he core language system responsible for semantic and syntactic pro-

essing ( Finkl et al., 2020 ; Friederici, 2011 ). Taken together, the indi-

idual components reviewed above constitute the language system in

he human brain. 

However, languages in the world are diverse ( Evans and Levin-

on, 2009 ). The brain is an adaptable organ and might be shaped by

he particular language that is acquired. Previous functional studies

ave found systematic differences in brain activation patterns accord-

ng to the language being processed ( Bolger et al., 2005 ; Gandour et al.,

003 ; Paulesu et al., 2000 ; Tan et al., 2005 ) and significant differ-

nces in the functional brain connectivity between the different native

peakers ( Ge et al., 2015 ). These differences suggest that the organi-

ation of the functional nervous system is influenced by linguistic di-

ersity during native language development. On the structural side, it

as been shown that the gray and white matter of the brain adapts dur-

ng language acquisition and development ( Zatorre et al., 2012 ). The

eural language system, which responds to different aspects of lan-

uage processing, is established around the age of ten/eleven years

 Skeide and Friederici, 2016 ). The particular processing demands of dif-

erent languages during development and lifelong use may therefore be

eflected and detectable in the language network in adults. Initial stud-

es found localized structural brain differences between English and Chi-

ese speakers in language processing areas that were attributed to the

earned processing strategy ( Crinion et al., 2009 ; Kochunov et al., 2003 ).

n addition, the white matter language network has been shown to dif-

er between native English, German, and Chinese speakers, reflecting

he specific processing requirements of each language ( Goucha, 2019 ). 

Language-dependent structural white matter differences have also

een found in cross-sectional studies comparing mono- and bilingual

articipants ( Kuhl et al., 2016 ; Pliatsikas et al., 2015 ; Rossi et al., 2017 ),

emonstrating neuroplasticity on a life-long scale. Similarly, several lon-

itudinal studies of structural changes during second language learn-

ng ( DeLuca et al., 2020 ; Legault et al., 2019 ; Mamiya et al., 2016 ;

chlegel et al., 2012 ; Xiang et al., 2015 ) showed changes in the gray

nd white matter of the brain during second language learning and

rain structural correlates with language-learning aptitude and success

 Novén et al., 2021 ; Sánchez et al., 2023 ). However, previous studies

ave shown that different brain areas and networks are involved in

rst and second language processing ( Huang et al., 2012 ; Kim et al.,

016 ). These processing differences are also reflected in previous struc-

ural studies of second language acquisition in adults, which showed

hanges in the white and gray matter of the brain that extend to areas

ot involved in first language processing ( Li et al., 2014 ). This suggests

hat a second language learned in adulthood is not processed in the na-

ive language system and may involve additional processing tasks such

s language switching and cognitive control ( Hervais-Adelman et al.,

011 ). These processing differences are found even in early bilinguals

ho learned the second language during childhood and the structural
2 
rain adaptation in first language acquisition during childhood differs

rom later second language learning ( Liu and Cao, 2016 ; Perani and Abu-

alebi, 2005 ). Therefore, these comparisons are not specific to the native

anguage network as they compare first and second language processing

tructures, and the shaping of the language system, and in particular the

hite matter network, by different native languages, remains an open

uestion. The current study attempts to demonstrate the specialization

f different native language and speech networks in the brain structural

etwork by comparing two groups of participants with different native

anguages. We chose Arabic and German as they have very distinct lin-

uistic characteristics. 

In brief, Arabic and German are derived from two completely differ-

nt language families: German is an Indo-European language, whereas

rabic is a Semitic language ( Konig and der Auwera, 2013 ; Saiegh-

addad and Joshi, 2014 ). German is a language with a complex

rammatical system, its word order is rather flexible ( Haider, 2010 ;

üller, 2015 ), and the amount of dependency relations of distant sen-

ence elements is high ( Liu et al., 2017 ). Indo-European languages, in-

luding German, use a dominant stem plus affix word formation pro-

ess. Words and most derivations and inflections are typically formed

y a linear and sequential concatenation of prefixes or suffixes to a base

orpheme. Previous functional MRI studies of German language pro-

essing have shown activity in the left IFG, posterior STG/STS to sup-

ort syntactic ( Friederici et al., 2006 ; Raettig et al., 2010 ), phonological

 Heim et al., 2003 ) and lexical-semantic processing ( Friederici et al.,

000 ), respectively. In particular, left BA 44 is sensitive to the com-

lex syntactic structure of German, which is dominated by word order

hanges ( Embick et al., 2000 ; Friederici, 2011 ). 

Arabic is a Semitic language that uses a “root-based ” system in which

ost words are morphologically complex and are primarily character-

zed by a rich non-linear or non-concatenative morphological structure

 Boudelaa and Marslen-Wilson, 2015 ; Saiegh-Haddad and Joshi, 2014 ).

n Arabic word is derived from two independently unpronounceable

ound morphemes: a root and a word-pattern. The root usually consists

f three or four consonants (C) and provides the core semantic meaning

r the semantic family, while the word-pattern is a fixed template pri-

arily composed of vowels (V) with slots for consonants ( Boudelaa and

arslen-Wilson, 2015 , 2004 ). Such abstract patterns of consonants and

owels (CV skeleton) provide the phonological and morphosyntactic

nformation of the word ( McCarthy, 1981 ). The meaning of the word

epends on the word patterns, which are composed of compound mor-

hemes, grammatical information, and phonological structure. This rich

nd systematic morphology is an important feature that distinguishes

rabic words from Indo-European languages, including German. Un-

il recently, there has been little research on the neural correlates of

rabic language processing, particularly using functional brain imag-

ng. Two recent studies of picture naming in Arabic have shown ac-

ivity in the language areas predominantly in the left hemisphere, in-

luding the IFG, STG, inferior temporal gyrus, IPL, SMA, and the ante-

ior cingulate ( Abou-Ghazaleh et al., 2018 , 2020 ). This suggests that

rabic language processing is also driven by the core language sys-

ems built in the IFG, posterior temporal, and IPL regions. In addition,

ross-linguistic electrophysiological comparisons of Arabic and Spanish

 Al-Hamouri et al., 2005 ), as well as Arabic and English ( Eviatar and

brahim, 2007 ) revealed language-specific brain activation patterns with

tronger activations in semantic brain regions including posterior parts

f the STG/MTG as well as the IPL. In particular, in Arabic language

rocessing, these regions are activated in both hemispheres. This is

n line with an earlier electrophysiological study in Arabic that re-

ealed specific mismatch negativity in temporo-parietal regions in both

emispheres for processing Arabic word patterns and decoding Arabic

ord meanings ( Boudelaa et al., 2010 ). The stronger activation asso-

iated with the Arabic root system of morphologically complex words

ay lead to stronger connectivity within the temporo-parietal seman-

ic system in Arabic speakers compared to speakers of Indo-European

anguages. 
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The two languages also differ in their orthography and their writing

ystem. While in Indo-European languages orthography consonants and

owels correspond to letters, Arabic orthography usually omits short

owels, such that the specific word meaning and pronunciation has to

e retrieved from the context ( Saiegh-Haddad and Joshi, 2014 ). The

rabic writing system also differs from that of the Indo-European lan-

uages in orthographic directionality, with Arabic script being written

nd read from right to left ( Saiegh-Haddad and Joshi, 2014 ). These dif-

erences lead to distinct activation patterns in the brain, that is, while

he right hemisphere reaches a similar activation level to the left side

hen reading in Arabic, this is not the case for Indo-European languages

 Al-Hamouri et al., 2005 ; Eviatar and Ibrahim, 2007 ). 

Our hypotheses are based on the notion that German and Arabic

ave unique processing demands. These processing demands, over time,

hape the structural connectivity of the individual, which should be

pparent in a group comparison and reflect the characteristic process-

ng demands of each language. In the current study, we expect Ger-

an native speakers to show higher connectivity within the core region

left posterior IFG) of syntax processing, as well as stronger structural

onnectivity along the dorsal language pathway involving this region.

n contrast, for Arabic native speakers, we anticipate finding stronger

nter-hemispheric connectivity, predominantly involving the bilateral

emantic system, which supports the integration and decoding of Ara-

ic words as well as stronger connectivity within the semantic system of

ach hemisphere. In addition, we expect stronger communication and

onnectivity between the two hemispheres in Arabic readers due to the

pecifics of Arabic orthography including the right-to-left writing sys-

em ( Al-Hamouri et al., 2005 ; Eviatar and Ibrahim, 2007 ). This writing

ystem may require additional transfer of information from the left vi-

ual field, which is processed in the right hemisphere, to the language-

ominant left hemisphere. 

To test these hypotheses, we acquired high-resolution diffusion MRI

magnetic resonance imaging) in a large cohort of 94 participants in two

roups (47 subjects in each group) of young and healthy German and

rabic-speaking participants which were matched for age, gender, edu-

ation, and handedness. The data were used to compute the white mat-

er structural connectivity of the language network in each participant

nd to compare the network properties between the two groups using

raph theoretical methods ( Bullmore and Sporns, 2009 ). By comparing

he connectivity strength of each region (expressed as the centrality of

he network node) between the groups, we tested whether the particu-

ar processing demands in each language were reflected by a modulation

f the importance of that node in the network. Additionally, we eval-

ated the group difference in network strength to identify particular

onnections between regions and subnetworks reflecting a modulation

f specific pathways. Structural differences between the two language

roups would help to identify brain areas and subnetworks that are par-

icularly relevant for the specific processing demands in each of the two

anguages. 

. Materials and methods 

.1. Participants 

For this study, we recruited 94 healthy young adult participants

n two groups: 47 German native speakers (age 19–34 y, mean age

5.9 ± 4.1y, 12 females) and 47 Arabic native speakers (age 18–34,

ean age 25.5 ± 4.3y, 12 females). Details of the MRI acquisition can

e found in the Supplementary Materials . The distinct linguistic charac-

eristics of the German and Arabic languages, along with some examples,

re detailed in the Supplementary Materials. The groups were created to

e large enough to detect differences in the language network ( Ge et al.,

015 ). 

The Arabic native speakers spoke the Levantine dialect of Arabic

nd had above average intelligence (non-verbal Raven’s matrix test

 Raven and Court, 1998 ), score 50.4 ± 6.7, ranging around the 90
3 
ercentile, subgroup N = 32). All participants, in both groups, were

ight-handed, spoke only one native language, and were matched for

heir education level. Participants with diagnosed neurological or psy-

hiatric disorders were excluded from both groups. All native speak-

rs of Arabic arrived in Germany 6–8 months before the start of the

tudy and settled in Leipzig, Germany for a long-term stay and to learn

erman. A German test showed that the entire group had no to min-

mal knowledge of German, well below the beginner level A1. To ex-

lude undiagnosed impairments triggered by the causes of migration to

ermany, the Arabic-speaking participants were asked to complete two

elf-report questionnaires on symptoms of post-traumatic stress disorder

PTSD, https://www.ptsd.va.gov/professional/assessment ). One is the

TSD Checklist for DSM-5 (PCL-5) which is a 20-item self-report mea-

ure that assesses the 20 DSM-5 symptoms of PTSD. The other test is

he Trauma Screening Questionnaire (TSQ), a 10-item symptom screen

hat was designed for use with survivors of all types of traumatic stress.

nly participants with no clear symptoms of mental health problems or

TSD were recruited for our study. The experiment was approved by

he ethics committee of the University of Leipzig, and all participants

rovided written informed consent. 

.2. MRI data acquisition 

We acquired structural and high-resolution diffusion-weighted MR

mages (dMRI, 1.3 mm isotropic resolution, b-value = 1000 s/mm 

2 , 60

irections and 7 b0, 3 repetitions to improve the SNR, TE = 75 ms,

R = 6 s, GRAPPA 2, CMRR-SMS 2, 2 b0 acquisitions with opposite

hase encoding) on a 3-Tesla Prisma MR system (Siemens Healthineers,

rlangen, Germany) with a 32-channel head coil. The acquisition time

or the dMRI protocol was 23 min. Structural images were acquired us-

ng a multiparameter mapping protocol with an isotropic resolution of

 mm ( Weiskopf et al., 2013 ). 

.3. Cortical parcellation of the language ROIs 

To analyze the structural connectivity via probabilistic fiber track-

ng, we defined the cortical seed and target areas using the fine-grained

tlas provided by the Human Connectome Project (HCP), in addition

o a subdivision of the corpus callosum atlas ( Fischl et al., 2002 ;

lasser et al., 2016 ). In each hemisphere, we selected language areas

n the inferior frontal gyrus (IFG), the temporal lobe (TL), and the infe-

ior parietal lobe (IPL) as core regions of the language network, which

re connected via the dorsal and ventral language pathways, as defined

reviously ( Friederici, 2011 ). Additionally, we included regions of the

re-SMA and SMA, which are connected with the IFG via the frontal

slant tract and which are particularly relevant for verbal language pro-

uction ( Finkl et al., 2020 ). To account for inter-hemispheric connec-

ions between the frontal and parieto-temporal regions respectively, we

ncluded white matter regions in the medial cross-section of the ante-

ior and posterior corpus callosum (aCC and pCC) in both hemispheres

 Fig. 1 A). Details of all ROIs can be found in Supplementary Materials and

able S1. 

.4. Construction of the structural language connectome 

After preprocessing ( see Supplementary Materials ), we used proba-

ilistic diffusion MR tractography to construct the connectivity ma-

rix between all regions in each hemisphere for each participant, ac-

ording to the pipeline described in the Supplementary Materials, Fig.

1. First, we computed the structural connectivity between all regions

n the language network, as described in the structural connectome

nalysis pipeline (steps 1 to 5 in the Supplementary Materials) . Sec-

nd, we extended these connectivity profiles to include connections

o non-language regions across the entire hemisphere. This allowed

he additional characterization of the language regions by input, out-

ut, and association connections with non-language regions, as de-

https://www.ptsd.va.gov/professional/assessment
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Fig. 1. Intra- and inter-hemispheric connectivity differences in the language network. (A) The language-related ROIs included sub-regions in the larger 

language areas IFG, TL, IPL, aCC, and pCC, color-coded in (A). The lower panels show the SMA/pre-SMA areas which are relevant in verbal language production. (B) 

Group difference of the inter-hemispheric connectivity. (C) Difference in intra-hemispheric connectivity between groups and hemispheres. ∗ p < 0.05, FDR corrected. 

LH: left hemisphere, RH: right hemisphere. IFG: inferior frontal gyrus, TL: temporal lobe, IPL: inferior parietal lobe, CC: corpus callosum, SMA: supplementary 

motor area. Detailed descriptions and labeling of the ROIs are provided in the Supplementary Materials and Table S1 . In the boxplots, the values for interhemispheric 

connectivity range from 0 to 320 (all possible connectivity values = 1 without threshold), and the values within each hemisphere range from 0 to 992. 
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cribed in Step 6 in the Supplementary Materials . This connectivity ma-

rix was based on 180 distinct cortical regions derived from the HCP

tlas ( Glasser et al., 2016 ) and five CC ROIs in each hemisphere com-

uted using the FreeSurfer parcellation ( Fischl et al., 2002 ). The en-

ries in this matrix represent the normalized connectivity for each pair

f regions. Using the CC regions to compute the connectivity with the

ortical regions in each hemisphere was preferred to a full connectiv-

ty matrix including all connections in both hemispheres. This is be-

ause the CC is a bottleneck for inter-hemispheric connections, and the

ne-to-one connectivity between cortical regions cannot be robustly es-

imated by tractography. We also removed the weak connections (in

he average matrix across all participants). In general, weak connec-

ions cannot be reliably estimated with tractography due to the limited

ampling of the distribution. This may result in false-positive connec-

ions. To focus the analysis on strong and reliable connections, we re-

oved false positive and noisy connections below a predefined thresh-

ld. This allowed us to remove connections that were not consistent

ith the major fiber pathways in the human brain ( Maier-Hein et al.,

017 ). To do this, we increased the threshold to create seven net-

orks with different densities. These networks ranged from the strongest

0% of connections to the strongest 20% ( Buchanan et al., 2020 ),

er hemisphere, increasing in 10% increments. A threshold of 40%

as found to reliably remove anatomically implausible false-positive

onnections while retaining the major pathways for the network-

ased analysis. Finally, we constructed an extended language network

hat additionally included connections between the core language re-

ions and the speech production regions in the SMA/pre-SMA and in-

luded 74 ROIs in each hemisphere. More details can be found in the

upplementary Materials. 
4 
.5. Network analysis 

The connectivity in the language network for each group was ana-

yzed using the graph-theoretic method ( Bullmore and Sporns, 2009 ;

ubinov and Sporns, 2010 ). At the global level, we computed the

ntra-hemispheric and inter-hemispheric network strength (sum of all

eighted connections within and between each hemisphere). We con-

idered all connections of the 74 language-related ROIs to represent the

trength of the language connectome in the human brain. Additionally,

e computed the global node centrality of all regions (the sum of all

onnections from the area to the entire cortex), as well as the local node

entrality, which includes only the connectivity between the predefined

anguage ROIs. We computed the global centrality of IFG, TL, IPL, aCC,

nd pCC to first test for differences in each of these larger language

egions within the whole brain network. The local node centrality al-

ows us to focus on the strength and potential for information exchange

ithin the language network and is more sensitive to language-specific

ffects. We used node centrality as the most direct measure of connec-

ivity, which is easier interpretable in the context of the structural lan-

uage network than more complex graph-theory measures previously

roposed ( Rubinov and Sporns, 2010 ). 

Furthermore, network-based statistics (NBS, Zalesky et al., 2010 )

as used to assess differences in specific connections and subnetworks.

he connectivity of the superior frontal gyrus (areas in the SMA/pre-

MA) was analyzed separately. White matter connections with these

reas form the speech production pathways of the extended language

etwork. The node centrality of each seed region was defined by the

onnection from the seed area to all regions in the extended language

etwork. Finally, the laterality index (LI) of the centrality of each region
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nd each connection was calculated. Further details and all data used for

he connectivity analysis can be found in the Supplementary Materials . 

.6. Statistics 

We performed independent t-tests to examine possible group differ-

nces in network strength in the global node centrality of IFG, TL, IPL,

CC, and pCC. The centralities of each language region were computed

s the sum of the centrality values of the smaller subdivisions. Next,

e assessed the group difference in the global node centrality of each

ub-region (ROI) and the fingerprints of each ROI. In this step, we fo-

used on the ROIs located in the areas (IFG, TL, IPL, aCC, and pCC)

here group differences emerged from the above analysis. Subsequent

ost-hoc t-tests allowed the identification of the sub-regions with group

ifferences. To analyze group differences in the more specific local node

entrality within the regions of the language network, we computed a

wo-way ANOVA and post-hoc t-tests. 

Following nodal centrality, we analyzed differences in the connec-

ivity between regions, represented as the edges of the graph (74 × 74

ndirected connectivity matrices), using network-based statistics (NBS,

alesky et al., 2010 ). NBS first identifies supra-threshold connectivity

alues between the two groups using a two-sample t -test (preselected T-

hreshold = 3.3). This is followed by a non-parametric permutation test

 K = 5000 permutations) to assign a p-value to each connected compo-

ent, controlling for the family-wise error (FWE, p < 0.05). Differences

n the speech production connections were again compared using in-

ependent t-tests. Finally, we performed one-sample t-tests on the lat-

rality index to examine the asymmetry of node centrality and each

onnection in this network. For each statistical group comparison, we

ontrolled for the effects of age and gender on network properties us-

ng linear regression models. In all analysis steps, a false discovery rate

FDR) at a p-value of 0.05 was used to correct for multiple comparisons.
ig. 2. Regional connectivity differences in the language network. (A) Averag

he left IFG showed significant group differences. (B) Group difference of global nod

orrected. Left: comparison between groups, right: locations of regions with differenc

eta-regions and the subregions range from 0 to 184 (all possible connectivity value

5 
his included the analysis of group differences in network strength,

lobal node centrality of the five regions (IFG, TL, IPL, aCC, and pCC),

ost-hoc node centrality of each sub-region in the significant region, and

or the extended language network properties. 

. Results 

.1. Intra- and inter-hemispheric differences in brain connectivity 

We performed a 2 × 2 (Hemisphere x Group) ANOVA to test for dif-

erences in network strength between the hemisphere and the groups.

e found a main effect for Hemisphere ( F = 376.3 p < 0.001) and Group

 F = 10.57, p < 0.005). The interaction effect between Hemisphere and

roup was not significant ( F = 0.19, p = 0.67). A t -test showed stronger

onnectivity in the left hemisphere compared to the right hemisphere

eflecting the left hemispheric dominance of the language network in

oth groups (German: t = 14.0, p < 0.001; Arabic: t = 13.4, p < 0.001)

 Fig. 1 C). Comparing the groups, German speakers displayed stronger

ntra-hemispheric connectivity in both hemispheres than Arabic speak-

rs (left: t = 2.53, p < 0.05 FDR corrected; right: t = 2.36, p < 0.05 FDR

orrected, Fig. 1 C), whereas Arabic speakers showed stronger inter-

emispheric connectivity ( t = 2.4, p < 0.05 FDR corrected, Fig. 1 B). 

.2. Regional differences in global brain connectivity 

After showing the group difference in Intra- and inter-hemispheric

onnectivity, we focused on the analysis of the connectivity of the larger

anguage areas and the corpus callosum (IFG, TL, IPL, aCC, pCC) to iden-

ify areas with significant group differences in connectivity by testing

he global node centrality. We found stronger global connectivity in Ger-

an speakers than in the Arabic-speaking group in the left IFG ( t = 3.29,

 < 0.05, FDR corrected) ( Fig. 2 A). To localize the sub-regions in the left
e global node centrality of the language “meta ” regions in both hemispheres. 

e centrality within the left IFG. ∗ indicates significant differences, p < 0.05, FDR 

es. For labels see Supplementary Materials and Table S1 . Centrality values for the 

s = 1 without threshold). 
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Fig. 3. Regional connectivity differences (local node centrality) and network-based differences in the connection strength. (A) Regions with significantly 

different local node centrality between groups (two-way ANOVA). The color indicates the result of the post-hoc t -test between groups. The bottom panel shows the 

comparison between groups. The local node centrality values for all regions range from 0 to 36 (all possible connectivity values = 1 without threshold). (B) Network- 

based statistical difference in connectivity within the language connectome between groups. Red: Edges of the network with significantly greater connectivity in the 

German group. Turquoise: Significantly stronger connectivity in the Arabic group. Regions grouped by language region, LH/RH: left/right hemisphere. Significance: 
∗ ∗ ∗ p < 0.005, ∗ ∗ p < 0.01, ∗ p < 0.05. 
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FG with significant group differences, we performed post-hoc t-tests.

erman speakers showed higher centrality than Arabic speakers in the

ollowing four sub-regions: left BA44 ( t = 2.53, p < 0.05, FDR corrected;

ohen’s d effect = 0.52), left rostral BA6 (BA6r, t = 2.96, p < 0.05, FDR

orrected; Cohen’s d effect = 0.61), left posterior inferior frontal sulcus

IFSp, t = 2.75, p < 0.05, FDR corrected; Cohen’s d effect = 0.57) and left

nterior inferior frontal junction (IFJa, t = 3.05, p < 0.05, FDR corrected;

ohen’s d effect = 0.63) (see Fig. 2 B). 

.3. Difference in connectivity patterns 

In the previous section, a higher global node centrality was found

or German-speaking participants compared to the Arabic group in the

ollowing four sub-regions of the IFG area: left BA44, BA6r, IFSp, and

FJa. We further examined whether the observed centrality difference

ould be explained by a distinction of these regions in their network

ngerprint (connections to other language regions). Compared to Ara-

ic, native German speakers were found to have higher connectivity

etween these four seed regions in the IFG and associated regions in

he left STG and MTG, the left SMG, the perisylvian language area

PSL), as well as the temporal-parietal junction ( Supplementary Materials,

ig. S2). 

.4. Regional differences in local brain connectivity 

To estimate the potential for information exchange within the lan-

uage network we analyzed the local node centrality. We performed a

wo-way ANOVA with the factor Group (German, Arabic) and the factor

OI (74 language ROIs) to analyze potential differences in local node
6 
entrality between German and Arabic speakers. We observed a signif-

cant main effect of ROI ( F = 2647.90, p < 0.001), a significant main

ffect of Group ( F = 33.46, p < 0.001), and an interaction between ROI

nd Group ( F = 2.36, p < 0.001). The post-hoc t-tests revealed that na-

ive German speakers had higher node centrality than Arabic speakers

n sub-regions of IFG (left: BA44, BA6r, IFJa, IFJp, IFSp; right: BA45,

FJa, pBA47r), TL (left: STSva, STSda; right: PHT), IPL (left: PSL, PGi;

ight: PGi, TOJP2) ( Fig. 3 A). The Arabic group had significantly higher

ocal node centrality in the left frontal operculum (FOP4), bilateral an-

erior SMG (PFt), and the posterior subsections of the corpus callosum

 Fig. 3 A). 

.5. Network-based statistics (NBS) 

To identify specific connections and subnetworks with significant

ifferences in connectivity between German and Arabic speakers we

omputed network-based statistics (NBS) using the predefined language

OIs in both hemispheres. Statistical group comparison of connec-

ions (edges) revealed that the German group showed stronger con-

ections in a left fronto-parietal/temporal network ( p < 0.05, NBS cor-

ected, Fig. 3 B). The Arabic group showed stronger inter-hemispheric

onnections between the bilateral STG and IPL, via the posterior CC, and

tronger connections between the left frontal operculum (FOP4) and the

eft MTG (STSvp, TE1m) ( p < 0.05, NBS corrected, Fig. 3 B). 

.6. Difference in the language production pathways 

The areas in the SMA/pre-SMA are part of the extended language

etwork, which also includes aspects of speech production. Similar to

he initial test of hemispheric differences, we first tested the connections
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Fig. 4. Verbal language production regions: Differences in connectivity and lateralization. (A) Significant group differences in connectivity in the right 

hemisphere. Left: ROI location, right: connections and group comparison result. (B) Difference of the lateralization index (LI) of the connections. ∗ p < 0.05, FDR 

corrected. 
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ith the SMA/pre-SMA for lateralization. Both, the German and Arabic

ative speakers showed consistent lateralization across different speech

roduction areas (see Supplementary Materials, Fig. S3). There was no

ignificant difference between the groups, neither in the node centrality

or in the lateralization index (LI) of each region. Interestingly, when

omparing the connectivity between each seed region of the SMA/pre-

MA and each language target region, the Arabic group showed sig-

ificantly stronger connections between the right SMA/pre-SMA and

he posterior IFG following the frontal aslant tract (right SFL – BA6r:

 = 3.45, p < 0.05, FDR corrected; right SCEF- BA6r, t = 3.1, p < 0.05, FDR

orrected; right 8BM- BA6r, t = 3.1, p < 0.05, FDR corrected, Fig. 4 A).

o investigate whether these differences were driven by an altered lat-

ralization of the frontal aslant tract in the Arabic group compared to

he German group, we calculated the mean LI of each speech pathway

nd compared the difference between the two groups ( Fig. 4 B). We ob-

erved that both, the German and Arabic group showed a trend in the

eftward asymmetry of the connectivity of SCEF- BA6r, SFL- BA6r, and a

ightward asymmetry in the connectivity of 8BM - BA6r. However, the

rabic group showed a lower LI in SFL-BA6r ( t = 3.4, p < 0.05, FDR cor-

ected), SCEF-BA6r ( t = 2.1, p < 0.05), and 8BM-BA6r ( t = 2.3, p < 0.05)

han the German-speaking group. 

. Discussion 

The present study provides new insights into the brain adaptation

or cognitive processes, that is, the structural language connectome

n the brain is shaped by one’s native language. Previous behavioral

tudies have reported cross-linguistic differences in multiple aspects,

oncerning phonological, lexical, grammatical, and orthographic pro-

essing, etc. ( Evans and Levinson, 2009 ). Each of these differences af-

ected, for example, various brain activations during language process-
7 
ng ( Paulesu et al., 2000 ; Tan et al., 2005 ), different aphasic symptoms

n stroke patients ( Bates et al., 1987 ), and diverse structural bases for

evelopmental dyslexia ( Paulesu et al., 2001 ; Siok et al., 2004 ). The

undamental effects of the cross-linguistic environment on the brains

f first-language learners should be reflected not only in differences in

unctional activity, but also in structural organization. Using a graph-

heoretic analysis of the language network, our results revealed signifi-

ant differences in the language connectome between native speakers of

wo different languages: German and Arabic. Native speakers of German

ith complex syntactic dependencies show comparatively stronger net-

ork topological properties in the syntax-related system. Native speak-

rs of Arabic, a language that is driven by its root system and where

ost words are morphologically complex, led to stronger network prop-

rties in the semantic and phonological neural system. This finding is

onsistent with previous studies that found localized brain structural

ifferences between groups of native speakers ( Crinion et al., 2009 ;

ochunov et al., 2003 ) and suggests that white matter plasticity in brain

tructure coincides with specific cognitive functions and processing de-

ands of life-long use of a particular language. Thus, our findings con-

ribute to our understanding of the mechanisms underlying experience-

ependent white matter organization and adaptation in the human brain

 Wake et al., 2011 ). 

.1. Hemispheric specialization of the language network 

Analysis of intra-hemispheric and inter-hemispheric network

trength revealed that both groups exhibited left lateralization (see

ig. 1 C). This is consistent with the widely accepted theory that lan-

uage processing exhibits left hemisphere dominance ( Friederici, 2011 ;

rice, 2010 ) and confirms the universality of the global properties of the

anguage network. This is also reflected in a recent cross-language study
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f 45 different languages showing a consistent left lateralization of the

ative language processing areas ( Malik-Moraleda et al., 2022 ). How-

ver, native German speakers showed higher intra-hemispheric network

trength, whereas Arabic speakers showed higher inter-hemispheric con-

ectivity. In the German group, the stronger connectivity appears to be

elated to higher connectivity as measured by local node centrality be-

ween the sub-regions within each hemisphere ( Fig. 3 A) and may reflect

 more efficient signal transmission within each hemisphere. The higher

nter-hemispheric connectivity of the Arabic group may be related to a

tronger involvement of both hemispheres in Arabic language process-

ng ( Al-Hamouri et al., 2005 ; Eviatar and Ibrahim, 2007 ), with a reduced

pecialization of each hemisphere and stronger inter-hemispheric con-

ections. Our study suggests that although the language network ex-

ibits consistent global characteristics, that is, left lateralization, the lo-

al properties are shaped to adapt to the specific cognitive demands of

 given language ( Catani et al., 2007 ; Gandour et al., 2004 ). 

.2. The specific syntactic network of German native speakers 

Previous electrophysiological studies comparing English and Ger-

an language processing have shown that brain activity shows cross-

inguistic grammatical differences related to word order properties

 Bornkessel-Schlesewsky et al., 2011 ). While English has a rather rigid

ord order, German does not. Arabic also has a relatively rigid word

rder ( Saiegh-Haddad and Joshi, 2014 ), which again differs from Ger-

an, which is a langauge with a flexible word order. We found that

ative German speakers showed higher connectivity, as measured by

lobal node centrality, than native Arabic speakers in the left IFG, par-

icularly in the sub-regions BA44, IFSp, IFJa, and BA6r ( Fig. 2 ). The

dditional comparison of local node centrality shows a consistent result

hat is even more specific to the characteristics of the language network.

igher centrality represents higher connectivity with the other regions

n the language network and highlights the importance of the specific

rain region for information integration ( Bullmore and Sporns, 2009 ).

ur findings may be related to the complex syntactic processing of Ger-

an, due to the free word order ( Haider, 2010 ; Müller, 2015 ) and higher

ependency distance of sentence elements ( Liu et al., 2017 ). Complex

yntactic processing relies on the posterior IFG, especially left BA44

 Embick et al., 2000 ; Friederici, 2011 ). Previous studies using German

entences revealed that left BA44 is particularly sensitive to complex

erman syntactic structure which is dominated by word order changes

 Friederici et al., 2006 ; Raettig et al., 2010 ). The left IFS is essential for

rocessing long-distance dependencies in sentences because the inte-

ration of syntactic information over long distances requires additional

orking memory resources provided by the left IFS ( Makuuchi et al.,

009 ). The IFJ and left ventral premotor cortex (BA6r) support infor-

ation integration and local structural dependency processing, respec-

ively ( Friederici, 2011 ). Therefore, the higher node centrality of left

ub-regions in the posterior IFG is advantageous for the efficient syntax

rocessing in German. 

In German, the free word order is accompanied by the morpholog-

cal marking of syntactic information. This requires the anterior su-

erior temporal gyrus (STG) to efficiently assign the heard word to a

yntactic word category ( Brennan et al., 2012 ; Friederici, 2011 ) and

he perisylvian language area (PSL) to integrate syntactic information

 Friederici, 2011 ). This may result in the observed higher local central-

ty of the sub-regions (STSva, STSda) of the left STG and PSL. In addition,

yntactic complexity may recruit extra working-memory support in the

ight hemisphere ( Meltzer et al., 2010 ), leading to higher local nodal

entrality in the right hemisphere. 

The observed stronger white matter network in the German-speaking

roup may facilitate efficient communication of the neural signal be-

ween regions. Consistent with our hypothesis, the language with com-

lex syntax was associated with stronger structural connectivity along

he dorsal language pathway, connecting sub-regions of the posterior

FG and the posterior temporal lobe ( Fig. 3 B). The dorsal language
8 
athway, which connects the posterior IFG (BA 44/IFS) to the poste-

ior STG via the IPL, is primarily involved in complex syntactic process-

ng ( Friederici, 2011 ; Wilson et al., 2011 ) and develops when the brain

atures for complex language ability ( Perani et al., 2011 ; Pujol et al.,

006 ). To adapt to the complex syntax of German during the develop-

ent of the mother tongue, it is plausible that German native speakers

evelop stronger connectivity in the dorsal pathway. Along the language

ystem, a second pathway connects the temporal cortex with the PMC

BA6r), which supports the mapping of auditory-to-articulatory repre-

entations for speaking ( Friederici, 2011 ; Saur et al., 2008 ) and is al-

eady present at birth ( Perani et al., 2011 ). Although the German sound

ystem differs from Arabic articulation in several ways, for example,

he absence of /p/, /g/, /ç/ and the addition of emphatic sounds / ℏ /

nd / ʕ/ in Arabic, it is unclear whether such auditory-motor differ-

nces in phonology lead to the observed differences in the brain, and

urther research is needed. However, compared to the syntactic struc-

ure of Arabic, which is mainly SVO (Subject–Verb–Object, Aoun et al.,

009 ), German has a more complex syntactic structure ( Haider, 2010 ;

üller, 2015 ), which may have a direct effect on the dorsal pathways re-

ulting in stronger connections. On the other hand, the stronger connec-

ivity between the anterior temporal lobe and the posterior IFG might be

elated to local phrase formation in German sentences, which involves

he left anterior STG/STS and the FOP and BA44 ( Friederici, 2011 ). Our

bservations support the idea that the syntax-related white matter path-

ays reflect specific features of the mother tongue. 

.3. The specific semantic and phonology network of native Arabic speakers

The current research revealed that Arabic native speakers show

tronger structural connectivity bilaterally in the IPL, posterior tempo-

al lobe (STG/MTG), and left FOP. This may be related to the relatively

omplex semantic and phonological processing involved in Arabic word

dentification. Arabic word processing operates in a root-and-pattern

nit. The root mainly provides the core semantic meaning, and word

atterns express the phonological information, morphosyntactic infor-

ation, and phonological structure of the surface form ( Boudelaa and

arslen-Wilson, 2015 ; Saiegh-Haddad and Joshi, 2014 ). Hence, Arabic

ommunication may require processes that facilitate the integration of

hese different aspects. Many views suggest that the cortex relevant to

exical processing includes the STG/STS, MTG, and SMG in the rostral

PL, as well as a ventral language pathway connecting the left temporal

obe and the pars triangularis in the IFG ( Friederici, 2011 ; Hickok and

oeppel, 2007 ; Lau et al., 2008 ). These regions support word form and

honological decoding and morphosyntactic processing, lexical access,

nd lexical candidate selection, respectively. Recent studies have found

hat the lexical interface and phonological decoding are largely bilat-

rally organized ( Hickok and Poeppel, 2007 ), suggesting that complex

exical processing relies more on the integration between the two hemi-

pheres. Structurally, the left FOP is a "transit station" of the ventral

athway from the temporal lobe to the IFG. Together, efficient integra-

ion of Arabic lexical-related information requires stronger structural

onnections along the ventral semantic pathway and stronger inter-

emispheric connections that join the sub-regions of the STG and IPL

 Fig. 3 B). This would explain the higher local node centrality in the

rabic-speaking group, particularly in the left FOP, SMG, and posterior

orpus callosum. 

The stronger inter-hemispheric connection via the posterior corpus

allosum also suggests a more complex integration of prosodic and syn-

actic information during language processing in Arabic. This is because

n Arabic, the pattern of consonants (C) and vowels (V) (CV skeleton),

s the abstract prosodic unit, is likely to contribute to general syntactic

nformation. The corpus callosum is the structural bridge that support-

interhemispheric communication of prosodic and syntactic information

 Friederici et al., 2007 ). The complex integration of prosody and syntax

n Arabic words may underlie the observed stronger connection along

he corpus callosum. 
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On the other hand, unique features of the language network are asso-

iated with the orthographic characteristics of the specific writing sys-

ems in each language ( Bolger et al., 2005 ; Siok et al., 2004 ). In our

tudy, the stronger inter-hemispheric connections in Arabic speakers

ay be related to the adaptation of the specific orthography in writ-

en Arabic. Most Arabic texts lack short vowels, so the reader has to

ely on context or prior linguistic knowledge to infer the meaning of

he word ( Saiegh-Haddad and Joshi, 2014 ). The right hemisphere has

een reported to support semantic operations in complex reading, par-

icularly for the integration of context, inference, and conceptual asso-

iation ( Vigneau et al., 2011 ). A previous study found that the MTG,

G, and SMG reached similar levels of activation in both hemispheres

uring Arabic reading ( Al-Hamouri et al., 2005 ), which contrasts with

he strong laterality observed during German processing as discussed in

he review article ( Friederici, 2011 ). The higher inter-hemispheric con-

ectivity in native Arabic speakers may be the result of adaptation to

eading Arabic texts in which short vowels are omitted. 

In addition, there is a fundamental difference in reading and writ-

ng direction between Arabic and German. Previous neuropsychological

tudies have reported that reading direction habits of Indo-European and

emitic languages have led to differences in covert attention to the side

here reading usually starts, even in non-language tasks ( Eviatar, 1997 ).

oreover, previous studies have also suggested that the bilateral AG is

nvolved in spatial cognition related to language ( Seghier, 2013 ), partic-

larly the left AG for Indo-European languages ( Hirnstein et al., 2011 ).

ative speakers of Semitic languages may rely more on regions for spa-

ial cognition in the right hemisphere, which may have led to a strength-

ning of the inter-hemispheric connections between the bilateral AG to

acilitate the transfer of spatial information, which is processed in the

ight hemisphere, to the left language areas. 

.4. Difference in speech pathways 

Analysis of the extended language network, which includes speech

rocessing pathways, showed that German and Arabic did not show sig-

ificant differences in connectivity of the SMA/pre-SMA regions. How-

ver, Arabic native speakers had stronger connections along the right

rontal aslant tract (FAT), which connects sub-regions of the SMA/pre-

MA and the sub-regions of the ventral premotor cortex (PMC). This

ifference may be related to the weaker left lateralization of this path-

ay in Arabic speakers compared to German participants. The right

AT plays a comparable role to the left FAT for speech production

 Dick et al., 2020 ; Finkl et al., 2020 ) and is associated with speech flu-

ncy ( Neef et al., 2018 ). In Arabic, the same word-pattern morphemes

an have distinct phonological structures, depending on the type of root

t combines with ( Boudelaa and Marslen-Wilson, 2015 ). Therefore, Ara-

ic speaking may involve more aspects of executive functions such as

trategic search, switching, and selective inhibition, which are the essen-

ial cognitive processes for verbal fluency ( Patterson, 2011 ). Therefore,

uent speech production in Arabic might recruit both hemispheres and

specially involving the right FAT. This would lead to a stronger repre-

entation of the right connection and less left lateralization of the SMA-

MC pathway in the Arabic native speakers, as shown in this study. 

. Limitations 

Using a graph-theoretic approach, our research has shown how cross-

inguistic differences shape the complex structural neural language net-

ork. Although cross-language differences are a fundamental domain

f cultural variation affecting brain organization, other variables such

s educational level, social environment, genetic heritage, and nutri-

ional status may also influence group differences. To minimize non-

inguistic effects, the two groups of participants in our study were

arefully matched for age, gender, health, and educational level. In par-

icular, we recruited only healthy participants with normal weight and

iet. All participants had at least a high school degree or equivalent, and
9 
ost members of both groups had an educational experience in a univer-

ity. The Arabic participants aimed to continue their academic educa-

ion in Germany. All Arabic participants were screened with two ques-

ionnaires on trauma and symptoms of post-traumatic stress disorder

PTSD). Only individuals with normal scores on both questionaires were

ecruited for our study in order to minimize social and environmental

nfluences on our results. In addition to spoken language and environ-

ental factors, genetic factors have been reported to influence func-

ional brain connectivity during brain development ( Richmond et al.,

016 ). However, differences in the language network between geneti-

ally similar German and English populations ( Goucha, 2019 ), as well as

he previously reported white matter plasticity during second language

earning ( Schlegel et al., 2012 ), suggest that the language system may

e primarily shaped by the particular characteristics of the spoken lan-

uage. Additionally, social cognitive and affective processes and other

on-linguistic factors may also lead to differences in the brain. In partic-

lar, cultural values such as individualism and collectivism have been

hown to influence brain function. However, the influence was not in

anguage areas, but in the medial prefrontal and posterior cingulate cor-

ex ( Chiao et al., 2009 , 2010 ). Similarly, social cognitive and affective

rocesses might particularly affect the ventromedial prefrontal cortex,

mygdala, right somatosensory cortex, insula, and the cingulate cortex,

hich constitute the social cognition system in the brain ( Adolphs, 1999 ;

ason and Morris, 2010 ). To minimize the influence of non-linguistic

ffects, we matched for age, gender, and education level and included

nly young and healthy participants with normal weight and diet. Fur-

hermore, we focused our analysis on the core network of speech and

anguage processing in the inferior frontal gyrus, temporal lobe, inferior

arietal lobule, and (pre-)supplementary motor areas ( Friederici, 2011 ;

ickok and Poeppel, 2007 ; Price, 2010 ), which do not overlap with the

forementioned system for social cognition. This language system may

e primarily shaped by the specific characteristics of the mother tongue.

While the emergence of the white matter structural network of lan-

uage, particularly the dorsal language pathway, associated with syntac-

ic processing ( Friederici, 2011 ), coincides with language development

 Perani et al., 2011 ; Skeide and Friederici, 2016 ), many language fac-

ors might influence the rate and pattern of myelination in the brain.

his strongly suggests that the current findings are indeed language-

elated. However, the lack of detailed individual language performance

nd functional data makes it impossible to directly quantify the rela-

ionship between language attributes and the structural language net-

ork. In addition, social, environmental, and genetic factors or other as-

ects of cultural differences may also contribute to differences in brain

onnectivity in language networks. Future studies incorporating func-

ional brain data could help to specify the networks used for syntax,

exical morphology, and prosodic processing in German and Arabic par-

icipants. In addition, future investigations would benefit from detailed

ross-linguistic semantic and syntactic behavioral assessments of indi-

idual language abilities. This would provide further evidence for the

bserved language-specific plasticity of the structural brain connectiv-

ty. 

To obtain robust and reproducible results, we acquired high-

esolution diffusion MR images of the highest quality on a 3-Tesla MR

ystem. The structural connectivity network was constructed using a ro-

ust, probabilistic, crossing-fiber tractography method. Nonetheless, de-

ending on the implementation, the fiber reconstruction may be prone

o a certain number of false-positive and false-negative connections,

hich may limit the accuracy, even with high-quality data ( Maier-

ein et al., 2017 ). Therefore, the results should be interpreted with some

aution. To minimize false-positive connections in our probabilistic ap-

roach, we removed unreliable connections and retained only the 40%

trongest connections ( Bullmore and Sporns, 2009 ) in each hemisphere.

evertheless, we cannot completely exclude false-positive and missing

onnections in our data. 

In the current study, we analyzed the structural connectivity because

e had a strong hypothesis about the differences in the white matter lan-
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uage network between speakers of the two different languages. How-

ver, we cannot exclude the possibility that the gray matter of the two

roups also differs, and morphological cortical and sub-cortical param-

ters should be considered in future studies. Similarly, voxel-based mi-

rostructural parameters derived from diffusion measurements, such as

ractional anisotropy or mean diffusivity, might reveal local differences

n white matter. However, it may be difficult to relate them directly to

pecific white matter connections, so this analysis was not considered

n this study. 

. Conclusion 

Our study revealed stronger structural connectivity of the syntax

etwork in a German-speaking group compared to matched Arabic-

peaking participants. We suggest that this may reflect the more com-

lex syntactic coding present in German. In contrast, the rich morphol-

gy of the Arabic language, which is involved in the lexical-semantic

nd phonological processes, may have led to the modulation of con-

ections between the temporal and parietal lobes, as well as to the in-

reased inter-hemispheric connectivity. Our results provide evidence for

he modulation of the structural language network in the human brain

y the demands of one’s native language. In the cognitive domain, these

ndings are essential for our general understanding of the interaction

f environment and behavior in shaping the human brain. 

unding 

This work was supported by the SPP2041 program “Computational

onnectomics ” of the German Research Foundation (DFG) grant number

47141397 : (AN 1156/1–1, FR 519/22–1). 

thics statement 

Informed consent was obtained from all participants before inclusion

n the study. Ethical approval was obtained from the Ethics Committee

f the Medical Faculty of the University of Leipzig, Germany. 

uthor contributions 

XW, TG, AA, and ADF designed the study; XW, HA, and AA analyzed

he data; and XW, HA, MS, TG, ADF, and AA wrote the paper. 

ata and materials availability 

All data needed to evaluate the conclusions in the paper are present

n the paper and/or the Supplementary Materials . 

eclaration of Competing Interest 

The authors declare that they have no competing interests. 

ata availability 

Data will be made available on request. 

cknowledgments 

We thank Guillermo Gallardo for his help in preparing the figures

nd his supportive suggestions. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.neuroimage.2023.119955 . 
10 
eferences 

bou-Ghazaleh, A., Khateb, A., Nevat, M., 2018. Lexical competition between spoken and

literary Arabic: a new look into the neural basis of diglossia using fMRI. Neuroscience

393, 83–96. doi: 10.1016/j.neuroscience.2018.09.045 . 

bou-Ghazaleh, A., Khateb, A., Nevat, M., 2020. Language control in diglossic and bilin-

gual contexts: an event-related fMRI study using picture naming tasks. Brain Topogr.

33, 60–74. doi: 10.1007/s10548- 019- 00735- 7 . 

dolphs, R., 1999. Social cognition and the human brain. Trends Cogn. Sci. 3, 469–479.

doi: 10.1016/s1364- 6613(99)01399- 6 . 

l-Hamouri, F., Maestú, F., Del Río, D., Fernández, S., Campo, P., Capilla, A., Gar-

cía, E., González-Marqués, J., Ortiz, T., 2005. Brain dynamics of Arabic reading: a

magnetoencephalographic study. Neuroreport 16, 1861–1864. doi: 10.1097/01.wnr.

0000185965.41959.87 . 

oun, J.E., Benmamoun, E., Choueiri, L., 2009. The Syntax of Arabic. Cambridge Univer-

sity Press . 

ates, E., Friederici, A., Wulfeck, B., 1987. Comprehension in aphasia: a cross-linguistic

study. Brain Lang 32, 19–67. doi: 10.1016/0093- 934X(87)90116- 7 . 

olger, D.J., Perfetti, C.A., Schneider, W., 2005. Cross-cultural effect on the brain revisited:

universal structures plus writing system variation. Hum. Brain Mapp. 25, 92–104.

doi: 10.1002/hbm.20124 . 

ornkessel-Schlesewsky, I., Kretzschmar, F., Tune, S., Wang, L., Genç, S., Philipp, M.,

Roehm, D., Schlesewsky, M., 2011. Think globally: cross-linguistic variation in elec-

trophysiological activity during sentence comprehension. Brain Lang 117, 133–152.

doi: 10.1016/j.bandl.2010.09.010 . 

oudelaa, S., Marslen-Wilson, W.D., 2015. Structure, form, and meaning in the men-

tal lexicon: evidence from Arabic. Lang. Cogn. Neurosci. 30, 955–992. doi: 10.1080/

23273798.2015.1048258 . 

oudelaa, S., Marslen-Wilson, W.D., 2004. Abstract morphemes and lexical representation:

the CV-Skeleton in Arabic. Cognition 92, 271–303. doi: 10.1016/j.cognition.2003.08.

003 . 

oudelaa, S., Pulvermüller, F., Hauk, O., Shtyrov, Y., Marslen-Wilson, W., 2010. Arabic

morphology in the neural language system. J. Cogn. Neurosci. 22, 998–1010. doi: 10.

1162/jocn.2009.21273 . 

rennan, J., Nir, Y., Hasson, U., Malach, R., Heeger, D.J., Pylkkänen, L., 2012. Syntactic

structure building in the anterior temporal lobe during natural story listening. Brain

Lang 120, 163–173. doi: 10.1016/j.bandl.2010.04.002 . 

uchanan, C.R., Bastin, M.E., Ritchie, S.J., Liewald, D.C., Madole, J.W., Tucker-Drob, E.M.,

Deary, I.J., Cox, S.R., 2020. The effect of network thresholding and weighting on

structural brain networks in the UK Biobank. Neuroimage 211, 116443. doi: 10.1016/

j.neuroimage.2019.116443 . 

ullmore, E., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of

structural and functional systems. Nat. Rev. Neurosci. 10, 186–198. doi: 10.1038/

nrn2575 . 

atani, M., Allin, M.P.G., Husain, M., Pugliese, L., Mesulam, M.M., Murray, R.M.,

Jones, D.K., 2007. Symmetries in human brain language pathways correlate with

verbal recall. Proc. Natl. Acad. Sci. U. S. A. 104, 17163–17168. doi: 10.1073/pnas.

0702116104 . 

atani, M., Mesulam, M.M., Jakobsen, E., Malik, F., Martersteck, A., Wieneke, C., Thomp-

son, C.K., Thiebaut De Schotten, M., Dell’Acqua, F., et al., 2013. A novel frontal path-

way underlies verbal fluency in primary progressive aphasia. Brain 136, 2619–2628.

doi: 10.1093/brain/awt163 . 

hiao, J.Y., Harada, T., Komeda, H., Li, Z., Mano, Y., Saito, D., Parrish, T.B., Sadato, N.,

Emerson, R.W., 2010. Dynamic cultural influences on neural representations of the

self. J. Cogn. Neurosci. 22, 1–11. doi: 10.1162/jocn.2009.21192 . 

hiao, J.Y., Harada, T., Komeda, H., Li, Z., Mano, Y., Saito, D., Parrish, T.B., Sadato, N.,

Iidaka, T., 2009. Neural basis of individualistic and collectivistic views of self. Hum.

Brain Mapp. 2820, 2813–2820. doi: 10.1002/hbm.20707 . 

rinion, J.T., Green, D.W., Chung, R., Ali, N., Grogan, A., Price, G.R., Mechelli, A.,

Price, C.J., 2009. Neuroanatomical markers of speaking Chinese. Hum. Brain Mapp.

30, 4108–4115. doi: 10.1002/hbm.20832 . 

eLuca, V., Segaert, K., Mazaheri, A., Krott, A., 2020. Understanding bilingual brain func-

tion and structure changes? U bet! A unified bilingual experience trajectory model. J.

Neurolinguistics 56, 100930. doi: 10.1016/j.jneuroling.2020.100930 . 

ick, A.S., Garic, D., Graziano, P., Tremblay, P., Readaptation, D., City, Q., 2020. The

frontal aslant tract (FAT) and its role in speech, language and executive function.

Cortex 111, 148–163. doi: 10.1016/j.cortex.2018.10.015 . 

mbick, D., Marantz, A., Miyashita, Y., O’Neil, W., Sakai, K.L., 2000. A syntactic special-

ization for Broca’s area. Proc. Natl. Acad. Sci. U. S. A. 97, 6150–6154. doi: 10.1073/

pnas.100098897 . 

vans, N., Levinson, S.C., 2009. The myth of language universals: language diversity and

its importance for cognitive science. Behav. Brain Sci. 32, 429–448. doi: 10.1017/

S0140525X0999094X . 

viatar, Z., 1997. Language experience and right hemisphere tasks: the effects of scan-

ning habits and multilingualism. Brain Lang 58, 157–173. doi: 10.1006/brln.1997.

1863 . 

viatar, Z., Ibrahim, R., 2007. Morphological structure and hemispheric functioning: the

contribution of the right hemisphere to reading in different languages. Neuropsychol-

ogy 21, 470–484. doi: 10.1037/0894-4105.21.4.470 . 

inkl, T., Hahne, A., Friederici, A.D., Gerber, J., Mürbe, D., Anwander, A., 2020. Language

without speech: segregating distinct circuits in the human brain. Cereb. Cortex 30,

812–823. doi: 10.1093/cercor/bhz128 . 

ischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., Van Der

Kouwe, A., Killiany, R., Kennedy, D., et al., 2002. Whole brain segmentation: au-

tomated labeling of neuroanatomical structures in the human brain. Neuron 33, 341–

355. doi: 10.1016/s0896- 6273(02)00569- x . 

https://doi.org/10.13039/501100001736
https://doi.org/10.1016/j.neuroimage.2023.119955
https://doi.org/10.1016/j.neuroscience.2018.09.045
https://doi.org/10.1007/s10548-019-00735-7
https://doi.org/10.1016/s1364-6613(99)01399-6
https://doi.org/10.1097/01.wnr.0000185965.41959.87
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0005
https://doi.org/10.1016/0093-934X(87)90116-7
https://doi.org/10.1002/hbm.20124
https://doi.org/10.1016/j.bandl.2010.09.010
https://doi.org/10.1080/23273798.2015.1048258
https://doi.org/10.1016/j.cognition.2003.08.003
https://doi.org/10.1162/jocn.2009.21273
https://doi.org/10.1016/j.bandl.2010.04.002
https://doi.org/10.1016/j.neuroimage.2019.116443
https://doi.org/10.1038/nrn2575
https://doi.org/10.1073/pnas.0702116104
https://doi.org/10.1093/brain/awt163
https://doi.org/10.1162/jocn.2009.21192
https://doi.org/10.1002/hbm.20707
https://doi.org/10.1002/hbm.20832
https://doi.org/10.1016/j.jneuroling.2020.100930
https://doi.org/10.1016/j.cortex.2018.10.015
https://doi.org/10.1073/pnas.100098897
https://doi.org/10.1017/S0140525X0999094X
https://doi.org/10.1006/brln.1997.1863
https://doi.org/10.1037/0894-4105.21.4.470
https://doi.org/10.1093/cercor/bhz128
https://doi.org/10.1016/s0896-6273(02)00569-x


X. Wei, H. Adamson, M. Schwendemann et al. NeuroImage 270 (2023) 119955 

F  

F  

 

F  

 

F  

 

G  

 

 

G  

G  

 

G  

 

G  

 

H  

H

H  

 

H  

 

H  

 

H  

H  

H  

 

 

H  

K  

 

 

K  

 

 

K

K  

 

 

L  

L  

 

L  

 

L  

L  

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

M  

M  

 

M  

 

N  

 

N  

P  

P  

 

P  

 

P  

P  

 

P  

 

P  

 

P  

R  

 

R  

R  

 

 

R  

 

R  

 

S  

S  

 

S  

 

 

S  

 

S  

 

S  

S  

S  

T  

 

T  

 

V  

 

riederici, A.D., 2011. The brain basis of language processing: from structure to function.

Physiol. Rev. 91, 1357–1392. doi: 10.1152/physrev.00006.2011 . 

riederici, A.D., Fiebach, C.J., Schlesewsky, M., Bornkessel, I.D., Von Cramon, D.Y., 2006.

Processing linguistic complexity and grammaticality in the left frontal cortex. Cereb.

Cortex 16, 1709–1717. doi: 10.1093/cercor/bhj106 . 

riederici, A.D., Opitz, B., von Cramon, D.Y., 2000. Segregating semantic and syntactic

aspects of processing in the human brain: an fMRI investigation of different word

types. Cereb. Cortex 10, 698–705. doi: 10.1093/cercor/10.7.698 . 

riederici, A.D., von Cramon, D.Y., Kotz, S.A., 2007. Role of the corpus callosum in speech

comprehension: interfacing syntax and prosody. Neuron 53, 135–145. doi: 10.1016/j.

neuron.2006.11.020 . 

andour, J., Dzemidzic, M., Wong, D., Lowe, M., Tong, Y., Hsieh, L., Satthamnuwong, N.,

Lurito, J., 2003. Temporal integration of speech prosody is shaped by language experi-

ence: an fMRI study. Brain Lang. 84, 318–336. doi: 10.1016/s0093- 934x(02)00505- 9 .

andour, J., Tong, Y., Wong, D., Talavage, T., Dzemidzic, M., Xu, Y., Li, X., Lowe, M.,

2004. Hemispheric roles in the perception of speech prosody. Neuroimage 23, 344–

357. doi: 10.1016/j.neuroimage.2004.06.004 . 

e, J., Peng, G., Lyu, B., Wang, Y., Zhuo, Y., Niu, Z., Tan, L.H., Leff, A.P., Gao, J.-.H.,

2015. Cross-language differences in the brain network subserving intelligible speech.

Proc. Natl. Acad. Sci. U. S. A. 112, 2972–2977. doi: 10.1073/pnas.1416000112 . 

lasser, M.F., Coalson, T.S., Robinson, E.C., Hacker, C.D., Harwell, J., Yacoub, E., Ugur-

bil, K., Andersson, J., Beckmann, C.F., et al., 2016. A multi-modal parcellation of

human cerebral cortex. Nature 536, 171–178. doi: 10.1038/nature18933 . 

oucha, T., 2019. Conciliating language differences with universal competence in brain

structure and function. PhD Thesis, Max Planck Institute for Human Cognitive and

Brain Sciences, Leipzig. 

agoort, P., 2019. The neurobiology of language beyond single-word processing. Science

366, 55–58. doi: 10.1126/science.aax0289 . 

aider, H., 2010. The Syntax of German. Cambridge University Press . 

artwigsen, G., Baumgaertner, A., Price, C.J., Koehnke, M., Ulmer, S., Siebner, H.R., 2010.

Phonological decisions require both the left and right supramarginal gyri. Proc. Natl.

Acad. Sci. U. S. A. 107, 16494–16499. doi: 10.1073/pnas.1008121107 . 

eim, S., Opitz, B., Müller, K., Friederici, A.D., 2003. Phonological processing during

language production: fMRI evidence for a shared production-comprehension network.

Cogn. Brain Res. 16, 285–296. doi: 10.1016/S0926- 6410(02)00284- 7 . 

ervais-Adelman, A.G., Moser-Mercer, B., Golestani, N., 2011. Executive control of lan-

guage in the bilingual brain: integrating the evidence from neuroimaging to neuropsy-

chology. Front. Psychol. 2. doi: 10.3389/fpsyg.2011.00234 . 

ickok, G., Poeppel, D., 2007. The cortical organization of speech processing. Nat. Rev.

Neurosci. 8, 393–402. doi: 10.1038/nrn2113 . 

irnstein, M., Bayer, U., Ellison, A., Hausmann, M., 2011. TMS over the left angular

gyrus impairs the ability to discriminate left from right. Neuropsychologia 49, 29–

33. doi: 10.1016/j.neuropsychologia.2010.10.028 . 

uang, K., Itoh, K., Kwee, I.L., Nakada, T., 2012. Neural strategies for read-

ing Japanese and Chinese sentences: a cross-linguistic fMRI study of character-

decoding and morphosyntax. Neuropsychologia 50, 2598–2604. doi: 10.1016/j.

neuropsychologia.2012.07.011 . 

uth, A.G., De Heer, W.A., Griffiths, T.L., Theunissen, F.E., Gallant, J.L., 2016. Natural

speech reveals the semantic maps that tile human cerebral cortex. Nature 532, 453–

458. doi: 10.1038/nature17637 . 

im, S.Y., Qi, T., Feng, X., Ding, G., Liu, L., Cao, F., 2016. How does language distance

between L1 and L2 affect the L2 brain network? An fMRI study of Korean-Chinese-

English trilinguals. Neuroimage 129, 25–39. doi: 10.1016/j.neuroimage.2015.11.068 .

ochunov, P., Fox, P., Lancaster, J., Tan, L.H., Amunts, K., Zilles, K., Mazziotta, J.,

Gao, J.H., 2003. Localized morphological brain differences between English-speaking

Caucasians and Chinese-speaking Asians: new evidence of anatomical plasticity. Neu-

roreport 14, 961–964. doi: 10.1097/01.wnr.0000075417.59944.00 . 

onig, E., der Auwera, J., 2013. The Germanic Languages. Routledge . 

uhl, P.K., Stevenson, J., Corrigan, N.M., van den Bosch, J.J.F., Can, D.D., Richards, T.,

2016. Neuroimaging of the bilingual brain: structural brain correlates of listening

and speaking in a second language. Brain Lang 162, 1–9. doi: 10.1016/j.bandl.2016.

07.004 . 

au, E.F., Phillips, C., Poeppel, D., 2008. A cortical network for semantics:

(De)constructing the N400. Nat. Rev. Neurosci. 9, 920–933. doi: 10.1038/nrn2532 . 

egault, J., Grant, A., Fang, S.-.Y., Li, P., 2019. A longitudinal investigation of structural

brain changes during second language learning. Brain Lang. 197, 104661. doi: 10.

1016/j.bandl.2019.104661 . 

i, P., Legault, J., Litcofsky, K.A., 2014. Neuroplasticity as a function of second language

learning: anatomical changes in the human brain. Cortex 58, 301–324. doi: 10.1016/

j.cortex.2014.05.001 . 

iu, H., Cao, F., 2016. L1 and L2 processing in the bilingual brain: a meta-analysis of

neuroimaging studies. Brain Lang. 159, 60–73. doi: 10.1016/j.bandl.2016.05.013 . 

iu, H., Xu, C., Liang, J., 2017. Dependency distance: a new perspective on syntac-

tic patterns in natural languages. Phys. Life Rev. 21, 171–193. doi: 10.1016/j.plrev.

2017.03.002 . 

aier-Hein, K.H., Neher, P.F., Houde, J.C., Côté, M.A., Garyfallidis, E., Zhong, J., Cham-

berland, M., Yeh, F.C., Lin, Y.C., et al., 2017. The challenge of mapping the hu-

man connectome based on diffusion tractography. Nat. Commun. 8. doi: 10.1038/

s41467- 017- 01285- x . 

akuuchi, M., Bahlmann, J., Anwander, A., Friederici, A.D., 2009. Segregating the core

computational faculty of human language from working memory. Proc. Natl. Acad.

Sci. U. S. A. 106, 8362–8367. doi: 10.1073/pnas.0810928106 . 

alik-Moraleda, S., Ayyash, D., Gallée, J., Affourtit, J., Hoffmann, M., Mineroff, Z.,

Jouravlev, O., Fedorenko, E., 2022. An investigation across 45 languages and 12 lan-

guage families reveals a universal language network. Nat. Neurosci. 25, 1014–1019.

doi: 10.1038/s41593- 022- 01114- 5 . 
11 
amiya, P.C., Richards, T.L., Coe, B.P., Eichler, E.E., Kuhl, P.K., 2016. Brain white matter

structure and COMT gene are linked to second-language learning in adults. Proc. Natl.

Acad. Sci. U. S. A. 113, 7249–7254. doi: 10.1073/pnas.1606602113 . 

ason, M.F., Morris, M.W., 2010. Culture, attribution and automaticity: a social cogni-

tive neuroscience view. Soc. Cogn. Affect. Neurosci. 5, 292–306. doi: 10.1093/scan/

nsq034 . 

cCarthy, J., 1981. A prosodic theory of nonconcatenative morphology. Linguist. Inq. 12,

373–418. doi: 10.1016/j.cognition.2003.08.003 . 

eltzer, J.A., McArdle, J.J., Schafer, R.J., Braun, A.R., 2010. Neural aspects of sentence

comprehension: syntactic complexity, reversibility, and reanalysis. Cereb. Cortex 20,

1853–1864. doi: 10.1093/cercor/bhp249 . 

üller, S., 2015. German Clause structure: An analysis With Special Consideration of Ap-

parent Multiple frontings. Empirically Oriented Theoretical Morphology and Syntax.

Language Science Press, Berlin . 

eef, N.E., Anwander, A., Bütfering, C., Schmidt-Samoa, C., Friederici, A.D., Paulus, W.,

Sommer, M., 2018. Structural connectivity of right frontal hyperactive areas scales

with stuttering severity. Brain 141, 191–204. doi: 10.1093/brain/awx316 . 

ovén, M., Nilsson, M., Olsson, H., Roll, M., Helms, G., Horne, M., 2021. Cortical and

white matter correlates of language-learning aptitudes. Hum. Brain Mapp. 42, 5037–

5050. doi: 10.1002/hbm.25598 . 

atterson, J., 2011. Verbal Fluency. In: Encyclopedia of Clinical Neuropsychology.

Springer New York, New York, NY, pp. 2603–2606 . 

aulesu, E., Démonet, J.F., Fazio, F., McCrory, E., Chanoine, V., Brunswick, N., Cappa, S.F.,

Cossu, G., Habib, M., et al., 2001. Dyslexia: cultural diversity and biological unity.

Science 291, 2165–2167. doi: 10.1126/science.1057179 . 

aulesu, E., McCrory, E., Fazio, F., Menoncello, L., Brunswick, N., Cappa, S.F., Cotelli, M.,

Cossu, G., Corte, F., et al., 2000. A cultural effect on brain function. Nat. Neurosci. 3,

91–96. doi: 10.1038/71163 . 

erani, D., Abutalebi, J., 2005. The neural basis of first and second language processing.

Curr. Opin. Neurobiol. 15, 202–206. doi: 10.1016/j.conb.2005.03.007 . 

erani, D., Saccuman, M.C., Scifo, P., Anwander, A., Spada, D., Baldoli, C., Poloniato, A.,

Lohmann, G., Friederici, A.D., 2011. Neural language networks at birth. Proc. Natl.

Acad. Sci. U. S. A. 108, 18566. doi: 10.1073/pnas.1102991108 . 

liatsikas, C., Moschopoulou, E., Saddy, J.D., 2015. The effects of bilingualism on the

white matter structure of the brain. Proc. Natl. Acad. Sci. U. S. A. 112, 1334–1337.

doi: 10.1073/pnas.1414183112 . 

rice, C.J., 2010. The anatomy of language: a review of 100 fMRI studies pub-

lished in 2009. Ann. N. Y. Acad. Sci. 1191, 62–88. doi: 10.1111/j.1749-6632.2010.

05444.x . 

ujol, J., Soriano-Mas, C., Ortiz, H., Sebastián-Gallés, N., Losilla, J.M., Deus, J., 2006.

Myelination of language-related areas in the developing brain. Neurology 63, 339–

343. doi: 10.1212/01.wnl.0000201049.66073.8d . 

aettig, T., Frisch, S., Friederici, A.D., Kotz, S.A., 2010. Neural correlates of morphosyn-

tactic and verb-argument structure processing: an EfMRI study. Cortex 46, 613–620.

doi: 10.1016/j.cortex.2009.06.003 . 

aven, J.C., Court, J.H., 1998. Raven’s Progressive Matrices and Vocabulary Scales. Oxford

pyschologists Press Oxford . 

ichmond, S., Johnson, K.A., Seal, M.L., Allen, N.B., Whittle, S., 2016. Development

of brain networks and relevance of environmental and genetic factors: a system-

atic review. Neurosci. Biobehav. Rev. 71, 215–239. doi: 10.1016/j.neubiorev.2016.08.

024 . 

ossi, E., Cheng, H., Kroll, J.F., Diaz, M.T., Newman, S.D., 2017. Changes in white-matter

connectivity in late second language learners: evidence from diffusion tensor imaging.

Front. Psychol. 8, 2040. doi: 10.3389/fpsyg.2017.02040 . 

ubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity:

uses and interpretations. Neuroimage 52, 1059–1069. doi: 10.1016/j.neuroimage.

2009.10.003 . 

aiegh-Haddad, E., Joshi, R.M., 2014. Handbook of Arabic literacy: Insights and Perspec-

tives. Springer Science & Business Media . 

ánchez, S.M., Anwander, A., Gallardo, G., Knösche, T.R., Brauer, J., Friederici, A.D.,

2023. White matter brain structure predicts language performance and learning suc-

cess. Hum. Brain Mapp. 44, 1445–1455. doi: 10.1002/hbm.26132 . 

aur, D., Kreher, B.W., Schnell, S., Kümmerera, D., Kellmeyera, P., Vrya, M.S.,

Umarova, R., Musso, M., Glauche, V., et al., 2008. Ventral and dorsal pathways

for language. Proc. Natl. Acad. Sci. U. S. A. 105, 18035–18040. doi: 10.1073/pnas.

0805234105 . 

chlegel, A.A., Rudelson, J.J., Tse, P.U., 2012. White matter structure changes as adults

learn a second language. J. Cogn. Neurosci. 24, 1664–1670. doi: 10.1162/jocn _

a _ 00240 . 

cholz, J., Klein, M.C., Behrens, T.E.J., Johansen-Berg, H., 2009. Training induces

changes in white-matter architecture. Nat. Neurosci. 12, 1370–1371. doi: 10.1038/nn.

2412 . 

eghier, M.L., 2013. The angular gyrus: multiple functions and multiple subdivisions. Neu-

roscientist 19, 43–61. doi: 10.1177/1073858412440596 . 

iok, W.T., Perfetti, C.A., Jin, Z., Tan, L.H., 2004. Biological abnormality of impaired

reading is constrained by culture. Nature 431, 71–76. doi: 10.1038/nature02865 . 

keide, M.A., Friederici, A.D., 2016. The ontogeny of the cortical language network. Nat.

Rev. Neurosci. 17, 323–332. doi: 10.1038/nrn.2016.23 . 

an, L.H., Laird, A.R., Li, K., Fox, P.T., 2005. Neuroanatomical correlates of phonological

processing of Chinese characters and alphabetic words: a meta-analysis. Hum. Brain

Mapp. 25, 83–91. doi: 10.1002/hbm.20134 . 

ang, Y., Zhang, W., Chen, K., Feng, S., Ji, Y., Shen, J., Reiman, E.M., Liu, Y., 2006.

Arithmetic processing in the brain shaped by cultures. Proc. Natl. Acad. Sci. U. S. A.

103, 10775–10780. doi: 10.1073/pnas.0604416103 . 

igneau, M., Beaucousin, V., Hervé, P.Y., Jobard, G., Petit, L., Crivello, F., Mellet, E.,

Zago, L., Mazoyer, B., et al., 2011. What is right-hemisphere contribution to phono-

https://doi.org/10.1152/physrev.00006.2011
https://doi.org/10.1093/cercor/bhj106
https://doi.org/10.1093/cercor/10.7.698
https://doi.org/10.1016/j.neuron.2006.11.020
https://doi.org/10.1016/s0093-934x(02)00505-9
https://doi.org/10.1016/j.neuroimage.2004.06.004
https://doi.org/10.1073/pnas.1416000112
https://doi.org/10.1038/nature18933
https://doi.org/10.1126/science.aax0289
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0038
https://doi.org/10.1073/pnas.1008121107
https://doi.org/10.1016/S0926-6410(02)00284-7
https://doi.org/10.3389/fpsyg.2011.00234
https://doi.org/10.1038/nrn2113
https://doi.org/10.1016/j.neuropsychologia.2010.10.028
https://doi.org/10.1016/j.neuropsychologia.2012.07.011
https://doi.org/10.1038/nature17637
https://doi.org/10.1016/j.neuroimage.2015.11.068
https://doi.org/10.1097/01.wnr.0000075417.59944.00
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0048
https://doi.org/10.1016/j.bandl.2016.07.004
https://doi.org/10.1038/nrn2532
https://doi.org/10.1016/j.bandl.2019.104661
https://doi.org/10.1016/j.cortex.2014.05.001
https://doi.org/10.1016/j.bandl.2016.05.013
https://doi.org/10.1016/j.plrev.2017.03.002
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.1073/pnas.0810928106
https://doi.org/10.1038/s41593-022-01114-5
https://doi.org/10.1073/pnas.1606602113
https://doi.org/10.1093/scan/nsq034
https://doi.org/10.1016/j.cognition.2003.08.003
https://doi.org/10.1093/cercor/bhp249
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0062
https://doi.org/10.1093/brain/awx316
https://doi.org/10.1002/hbm.25598
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0065
https://doi.org/10.1126/science.1057179
https://doi.org/10.1038/71163
https://doi.org/10.1016/j.conb.2005.03.007
https://doi.org/10.1073/pnas.1102991108
https://doi.org/10.1073/pnas.1414183112
https://doi.org/10.1111/j.1749-6632.2010.05444.x
https://doi.org/10.1212/01.wnl.0000201049.66073.8d
https://doi.org/10.1016/j.cortex.2009.06.003
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0074
https://doi.org/10.1016/j.neubiorev.2016.08.024
https://doi.org/10.3389/fpsyg.2017.02040
https://doi.org/10.1016/j.neuroimage.2009.10.003
http://refhub.elsevier.com/S1053-8119(23)00101-5/sbref0078
https://doi.org/10.1002/hbm.26132
https://doi.org/10.1073/pnas.0805234105
https://doi.org/10.1162/jocn_a_00240
https://doi.org/10.1038/nn.2412
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1038/nature02865
https://doi.org/10.1038/nrn.2016.23
https://doi.org/10.1002/hbm.20134
https://doi.org/10.1073/pnas.0604416103


X. Wei, H. Adamson, M. Schwendemann et al. NeuroImage 270 (2023) 119955 

 

W  

 

W  

 

 

W  

 

 

X  

 

Z  

 

Z  

 

logical, lexico-semantic, and sentence processing? Insights from a meta-analysis. Neu-

roimage 54, 577–593. doi: 10.1016/j.neuroimage.2010.07.036 . 

ake, H., Lee, P.R., Fields, R.D., 2011. Control of local protein synthesis and initial events

in myelination by action potentials. Science 333, 1647–1651. doi: 10.1126/science.

12069 . 

eiskopf, N., Suckling, J., Williams, G., Correia M, M.M., Inkster, B., Tait, R., Ooi, C.,

Bullmore T, E.T., Lutti, A., 2013. Quantitative multi-parameter mapping of R1, PD ∗ ,

MT, and R2 ∗ at 3T: a multi-center validation. Front. Neurosci. 7, 95. doi: 10.3389/

fnins.2013.00095 . 

ilson, S.M., Galantucci, S., Tartaglia, M.C., Rising, K., Patterson, D.K., Henry, M.L.,

Ogar, J.M., DeLeon, J., Miller, B.L., et al., 2011. Syntactic processing depends
12 
on dorsal language tracts. Neuron 72, 397–403. doi: 10.1016/j.neuron.2011.09.

014 . 

iang, H., van Leeuwen, T.M., Dediu, D., Roberts, L., Norris, D.G., Hagoort, P., 2015.

L2-proficiency-dependent laterality shift in structural connectivity of brain language

pathways. Brain Connect 5, 349–361. doi: 10.1089/brain.2013.0199 . 

alesky, A., Fornito, A., Bullmore, E.T., 2010. Network-based statistic: identify-

ing differences in brain networks. Neuroimage 53, 1197–1207. doi: 10.1016/

j.neuroimage.2010.06.041 . 

atorre, R.J., Fields, R.D., Johansen-Berg, H., 2012. Plasticity in gray and white: neu-

roimaging changes in brain structure during learning. Nat. Neurosci. 15, 528–536.

doi: 10.1038/nn.3045 . 

https://doi.org/10.1016/j.neuroimage.2010.07.036
https://doi.org/10.1126/science.12069
https://doi.org/10.3389/fnins.2013.00095
https://doi.org/10.1016/j.neuron.2011.09.014
https://doi.org/10.1089/brain.2013.0199
https://doi.org/10.1016/j.neuroimage.2010.06.041
https://doi.org/10.1038/nn.3045

	Native language differences in the structural connectome of the human brain
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 MRI data acquisition
	2.3 Cortical parcellation of the language ROIs
	2.4 Construction of the structural language connectome
	2.5 Network analysis
	2.6 Statistics

	3 Results
	3.1 Intra- and inter-hemispheric differences in brain connectivity
	3.2 Regional differences in global brain connectivity
	3.3 Difference in connectivity patterns
	3.4 Regional differences in local brain connectivity
	3.5 Network-based statistics (NBS)
	3.6 Difference in the language production pathways

	4 Discussion
	4.1 Hemispheric specialization of the language network
	4.2 The specific syntactic network of German native speakers
	4.3 The specific semantic and phonology network of native Arabic speakers
	4.4 Difference in speech pathways

	5 Limitations
	6 Conclusion
	Funding
	Ethics statement
	Author contributions
	Data and materials availability
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


