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Abstract. The sentence processing mechanism is a complex cerebral function
and involves multiple factors at the genetic and experiential levels. This article
presents a coherent model (namely, the FOXP2 and ROBO1 model) that inte-
grates the genetic architecture, comprising FOXP2 and ROBO1 variants, and in
analogy, the linguistic experience that accounts for the variability in neural mech-
anisms of sentence comprehension. We synthesize evidence that (i) genetic var-
iants influence the structural and connectional substrate of language-relevant re-
gions (e.g., posterior inferior frontal gyrus and planum temporale), and (ii) lin-
guistic experience shapes the functional recruitment and coupling of cortical net-
works during comprehension. This article, gathering the empirical evidence from
neurogenetic and cross-linguistic neurosciences, claims that sentence compre-
hension takes place in the network created by the exiting interplay of genetic
predisposition and the influence of environment, which leads to a more compre-
hensive model intended to account for the differences in language processing.
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1 Introduction

Sentence processing is a cognitive mechanism that structures word sequences syntacti-
cally and semantically to derive meaning representations, attracting computational and
memory resources for the maintenance and prediction of linguistic structures in com-
prehension[1][2][3]. A central issue in neurolinguistics concerns the functional role of
left inferior frontal regions—particularly the posterior inferior frontal gyrus (pIFG,
commonly subsumed under “Broca’s area”)—in such processing. Two dominant ac-
counts persist: (i) a syntax-specific account, assigning to pIFG a core role in hierar-
chical, syntax-specific computations[4]; and (ii) a domain-general account, which at-
tributes pIFG activation to increased working-memory and cognitive control demands
that are often concomitant with complex syntactic processing[5][6].

Modern science increasingly discovers the significance of genetic composition var-
iations[7][8] and the experience of language[9]is an important factors that affect neural
activity during the comprehension of sentences. Such variability is not purely statistical
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nonsense but reflects the way sentences are formed. Neurocomputational individual
differences across participants usually reflect the mechanistic variety rather than the
neural variability linked to task performance, and it has been detected that different
individuals may have different computational strategies, although their task outcomes
are identical. Among these, by far the biggest divergence is in the heterogeneity seen
in both neural and behavioral. They discovered that the mentioned variability was at-
tributable to the different mixes of three computational units, all of which were pre-
dicted to cause the same behavioral correspondence. These computational techniques,
which have a specified and widely substantiated set of neural and behavioral essays,
may use a different motor command.

Genetic factors like FOXP2 and ROBO1 affect neural tissues that are involved in
sentence comprehension. In particular, the FOXP2 mutations disrupt frontostriatal and
frontocerebellar circuits controlling speech motor control, and the particular affected
brain parts are Broca's area, caudate nucleus, and cerebellum[10]. However, common
variations may have minimal impact on the brain structure with respect to their allele
frequency[11]. ROBO1 pathways include neuropilin signaling, which promotes the de-
velopment of the cortical circuit.

In addition to the contribution of genes to neural circuits, bilingual life experience is
a vital determinant of inter-individual differences in sentence processing mechanisms.
The left inferior frontal cortex (LIFC) in early bilinguals is activated at a level much
higher than the equivalent for monolinguals despite their performance. This increased
participation level extends to more superior and middle temporal regions, which is ev-
idence of the stronger cognitive workload comparatively both in Chinese and English
within the fundamentally shared neural circuitry[12][13][14]. This article examines
how hereditary and environmental factors influence sentence processing, specifically
genetic factors such as FOXP2 and ROBOI, and experiential factors including multi-
lingual learning.

Despite growing recognition of these factors, current research mainly examines them
in isolation. The subject of genetic studies tends to be structural variations, yet it is
rarely discussed regarding their connection to processing dynamics in real time. Cross-
language studies have shown the activation of variations but have paid insufficient at-
tention to the genetic composition of the driving factors of variations. Through this
fragmented line of thinking, a totally empty space is created. We have yet to draw a
picture of how innate factors, like FOXP2 and ROBO1 genetic variations, and acquired
factors, like native language typology and second language learning, interact with each
other to influence the brain's sentence processing. Understanding sentence processing
requires moving beyond isolated factor analysis toward a model that captures the inter-
action between innate (genetic endowment) and acquired (linguistic experience).

The article aims to establish an all-encompassing framework to reveal the neural
process of sentence comprehension through the lens of individual differences. Particu-
larly, the goal is to explain the operational structure and roles for important genes, spe-
cifically in FOXP2 and ROBOI, for the modulation of language-relevant brain areas
like the posterior inferior frontal gyrus (pIFG) and planum temporale, and for the influ-
ence on the phonological memory systems that serve syntactic processing. The purpose
of this article is also to clarify how varying linguistic environments, for example in
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terms of native language typology and bilingual exposure, add to the differential pat-
terns of neural engagement, especially in China and Germany, w where the syntactic
categories are completely different. More crucially, the current work attempts to em-
phasize the way in which genetic and environmental concerns influence the develop-
ment of the sentence processing systems. In other words, the aspect being studied here
is how genetic variants FOXP2 and ROBO1, which are responsible for the elevation of
language-defining areas such as the pIFG and planum temporale, and human commu-
nications, can combine with linguistic experience (native language typology and bilin-
gual exposure) to obtain unequal patterns of neural activation and processing capacities
during sentence comprehension.

2 Influences of Hereditary and Environmental Factors on
Sentence Processing

2.1  Hereditary Factors

The range of the effect that the genetic variants have on the different brain structures
that are important for language processing varies tremendously based on the frequency
and the degree of effect of the variants in the overall population. Genetic studies have
found that FOXP2, the gene that serves a critical role in language formation, causes
structural alterations in the planum temporale and the pIFG[11], thereby leading to an
increase in syntactic processing efficiency problems.

Genomic studies have indicated that the FOXP2 gene, which is fundamental for lan-
guage development, causes alterations in the structures of pIFG and planum tempo-
rale[11], thereby regulating the efficiency of syntactic processes. The voxel-based mor-
phometry (VBM) and volumetric techniques used by Hoogman and co-authors (2014)
to examine the effect of the common variants of FOXP2 on neuroanatomy in over one
thousand individuals from the general population[11]. There was found no such relation
of the presence of single nucleotide polymorphisms to neuroanatomy in the general
population. Accordingly, this gene may not pose nearly as much risk to brain structure
as is popularly believed, because of the fact that its disruptive alleles are quite rare.
Alternatively, however, another situation is that the effects of common variations are
obvious, but standard volume measurement techniques fail to capture the ancient low
mechanisms[11].

The fMRI study of the KE family that was conducted through a comparison method
of a hidden and a saturation temporal verb-generation and word repetition task is an
example. Liégeois et al. (2003) study discovered that there was a reduced activation of
the broca’s area and the putamen with a wider, posterior activation profile for the af-
fected members[15]. Therefore, the FOXP2 dysfunction alters the development and
function of the corticobasal ganglia circuit that supports speech and language pro-
cessing.

Similarly, ROBOI1, which is related to language development, also acts on the pho-
nological working memory in a similar way by increasing axon connections[16], ulti-
mately affecting sentence deduction under high memory load. This article adopted a
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family-based association design in 538 twin/sibling families, and the ROBO1 genetic
variant was tested via 144 ROBO1 tag SNPs, and the phonological memory was in-
dexed with a standardized nonword-repetition composite and digit span. It discovered
multiple ROBO1 variations that affect non-word repetition, and two single nucleotide
polymorphisms have similar effects; however, this effect on reading/spelling and work-
ing memory is distinct and not strong, which suggests that ROBO!1 variation is associ-
ated with the phonological buffer subordinate to mental load that can limit sentence
comprehension[16].

Sun et al. (2017) genotyped the two ROBO1 variants (rs4535189/rs6803202) in 115
children and combined diffusion MRI with structural MRI to estimate the midline cor-
pus callosum microstructure alongside standardized reading tests[17]. They found that
genotypes have an impact on word list reading and corpus callosum diffuser, mediate
from axial diffuser, carrying the Robol-reading association in the genus. They estab-
lished that the ROBO1 variation is a pathway from white matter to behavior, and that
it affects the interhemispheric frontal by the access to regions that support phonological
operations, which are used for paragraph level operations, under a high memory load,
that it is under negative influence.

Therefore, these data confirm the replication of the pathway from gene to white mat-
ter to behavior, where the variation of ROBO1 determines the interhemispheric frontal
connection that is involved in phonological operations that are pertinent to the para-
graph level under a high memory load. Therefore, these observations reveal that the
language-relevant gene variants affect the neuronal architecture in more tangible struc-
tural variations of specific brain regions, with the behavioral outcomes most dramati-
cally affected in more severe variant carriers.

2.2 Environmental Factors

Through languages, cross-linguistic research indicates that the native language typol-
ogy and the differential sentence processing may be a result of adaptive brain pro-
cessing, which is influenced by the cumulative linguistic experience. For instance, the
fMRI study[18] demonstrated that native Mandarin speakers passively listen to differ-
ent words, and both the left middle/anterior temporal cortex and bilateral STG are en-
gaged during sentence comprehension. This is consistent with the fact that Chinese is
more dependent on the temporal lob[19][20]. During this process, linguistic learning
experiences can influence the way the brain adapts.

Furthermore, imaging techniques have demonstrated language differences not only
in brain activity patterns but also in how language networks are functionally intercon-
nected. To illustrate, when reading English, Chinese—English bilinguals displayed more
significant connectivity between the areas involved in visuo-orthographic, the left post-
central gyrus, whereas when reading Chinese, the bilateral central gyrus was observed;
essentially, this increased use of the cognitive system is consistent with recent data that
supports the concept that bilingualism can enhance remote processing such as integra-
tion and organization of information through network pathways[21][22][23]. We com-
pared English pseudoword rhyming with Chinese word rhyming in a matched group of
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native and second-language bilinguals using task fMRI and psychophysiological inter-
action. There was a spatial shift in the seed-to-sensorimotor coupling by the script. For
proficiency, rMOG-left postcentral connectivities were have suggested both the script-
specific and proficiency-dependency in the reading network.

Even at the level of L2 activation, there are differences due to the varying language
distances. An example of this is that Korean speakers exhibited more significant acti-
vation of syntactic brain regions when processing English, whereas Chinese speakers
showed increased activation during Japanese. The

fMRI was used in which Chinese and Korean participants comprehended the sen-
tences in L1 versus two other second languages (English/Japanese), and the fMRI re-
sults of the sentence comprehension were significantly greater in LIFG and bilateral
STG for the Korean than the other two languages, whereas there was an anterior STG
for Chinese, yet itewas significantly lower. The distance between the languages and
how well the languages are known to the individual would determine to a certain degree
the usage of the brain compute resource for language processing are other variables that
affect the brain[24][25][26].

Leaving the genetic and environmental shared factors which contribute towards the
determination and modification of sentence processing mainly on the dynamic inherited
successive neural architecture and the person’s linguistic experience being the guide.
This comprehensive picture demonstrates that genetic predisposition and environmen-
tal exposure are not separate but constantly interact throughout the entire developmen-
tal process.

Through the genetic aspect, the variants of language genes like FOXP2 and ROBO1
construct the connectivity scaffolding essential to the language, encompassing the lat-
eral prefrontal cortex, planum temporale, and corpus callosum. This is a brain anatomy-
structure difference the fund produces individual variability associated with syntactic
and semantic processing. Nevertheless, the functionality of these resources is critically
discerned by language experiences of the individual. Translations of language types in
the cross-cultural studies rarely are similar and that can be demonstrated to be different
in various languages. For example, Chinese speakers show distinct patterns of semantic
engagement in the temporal lobe, while users of structured languages such as Arabic
exhibit differentiated involvement of the pIFG in syntactic processing[27][28][29].

Critically, the role of these genetics and environmental factors is much more inter-
active than most people expect. During childhood, the same neural substrate can
achieve achievement orientation through different types of language input. And that
clears out the runners if the origin of genetically similar populations might be revealed
that they have strategies because their analyzed languages are widely different, and
genetic variants might or might not be multiple according to their native languages.
Therefore, it is precisely these complicated neurocognitive abilities, including both cer-
ebral-biological and learned, which are limited by their nature as well as exposure to
language in the environment. The balance between the two is the imbalance of genetic
susceptibility, which is shaped to the demands of language in the environment.
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3 Conclusion

Research shows that interindividual differences in genetics and linguistics, or the ge-
netic and linguistic background of different people around the world, are the main rea-
sons that contribute to different brain responses to sentences. Results of genetic studies
show that structural and functional alternations related to FOXP2 and ROBO1 can af-
fect the efficiency of syntax and phonology. Language typology shapes both the pat-
terns of language-relevant brain networks and the connections between them iare found
through cross-linguistic research.

This major concern exemplified the necessity for the model to reach beyond gener-
alizations to reflect stable, individual-contextual characteristics. This article helps to
strengthen what we call an interaction-based view, integrating genetic and language
facts, which contributes to the understanding of how they work together to achieve a
bit of mastery in the sentence processing area by the local brain. The integration of such
an approach is not only crucial for language processing models but also has potential
to influence personalized technologies for language learning and rehabilitation.

The aim of future research is to test comprehensive models integrating genetic neu-
roimaging methods and enable the use of language and behavioral features in multi-
modal programs[30]. In this respect, connecting genotype data (e.g., FOXP2, ROBOI)
with functional connections during real-life sentence comprehension would uncover
the extent to which genotypes influence neural processing strategies in cross-language
comparisons. The long-term studies that follow learners who are uniquely exposed to
different grammatical systems help to define the relationship between the genetic pre-
dispositions and the experience which rewire the neural language networks over time.
The improvement in computational modeling and imaging techniques (for example, for
instance, dynamic causal modeling) would be necessary as they help us understand the
ways neural circuits constrain and learning practices modify the elements of phonology,
semantics, and syntax. Extending this research to educational and clinical populations
may clarify the roles of genes and language in the classic scenario of gene-language
interactions, which provides new opportunities for the development of personalized
therapies and educational programs tailored to the individual neurogenetic profiles.
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