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A B S T R A C T

Grammatical and arithmetic skills are consistently associated, but the nature of this relationship remains 
debated. On the one hand, it may be due to shared linguistic processes. On the other hand, it may also come from 
domain-general abilities involved in extracting and applying abstract structured rules. To address this question, 
we investigated the neural basis of the relation between grammatical and arithmetic processing by conducting an 
activation likelihood estimation (ALE) meta-analysis of whole-brain fMRI studies of grammatical (n = 50 ex
periments) and arithmetic (n = 70 experiments) processing in healthy children and adults. Left perisylvian 
language regions were more consistently recruited for grammatical than arithmetic processing, whereas bilateral 
parietal regions were more consistently recruited for arithmetic than grammatical processing. The conjunction 
analysis revealed overlapping activation in four left-lateralized regions: the junction between the Inferior and 
Middle Frontal Gyrus, the Supplementary Motor Area, the Parietal Lobule, and the Anterior Insula. Together, 
these findings indicate that grammatical and arithmetic processing recruit both shared and domain-specific 
neural systems. The overlapping regions largely correspond to areas associated with the multiple-demand 
network, suggesting that both domains engage domain-general cognitive mechanisms involved in complex 
rule-based processing. In contrast, classical perisylvian language regions were selectively recruited during 
grammatical processing, whereas bilateral parietal regions were more consistently associated with arithmetic 
processing. These findings therefore suggest that the relation between grammar and arithmetic is better 
explained by the coexistence of shared domain-general mechanisms and domain-specific neural systems than by 
shared linguistic processes alone.

1. Introduction

A large body of research documents an association between language 
and mathematical skills (for reviews, see Amland et al., 2025; Peng 
et al., 2020). This research notably suggests that the ability to produce 
and comprehend linguistic structures (i.e., grammatical abilities) is 
related to the ability to produce and comprehend numerical expressions 
(i.e., arithmetic skills). This association has been found in behavioral 
studies on typically developing children and adolescents (e.g., Chow, 
Ekholm, 2019; Kleemans et al., 2018), as well as in groups showing 
either arithmetic (e.g., Chow et al., 2021; Shankweiler et al., 1995) or 
grammatical impairments (e.g., Kleemans et al., 2012; Shankweiler 

et al., 1995).
Two main explanations have been proposed to account for the as

sociation between arithmetic and grammatical skills, and these expla
nations are not mutually exclusive. First, the association may stem from 
the fact that mathematical language itself involves linguistic meaning 
and structure (e.g., Purpura and Logan, 2015; Purpura and Reid, 2016; 
Purpura et al., 2019). For example, arithmetic learning involves the 
understanding of grammatical word forms such as comparatives (e.g., 
small-er; clos-er) and superlatives (e.g., smallest, closest), which are 
essential for comparing or relating quantities (e.g., Spelke, 2017; Vie
sel-Nordmeyer et al., 2022; 2021). According to this view, grammatical 
and arithmetic skills may be related because both rely on the processing 
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of linguistic structures, including those carrying semantic content rele
vant to mathematical reasoning.

Second, arithmetic and grammatical skills may be associated because 
they share a common underlying syntactic structure (e.g., Hauser et al., 
2002; Matsumoto and Nakai, 2023; Nakai and Okanoya, 2018). Indeed, 
processing both arithmetic equations and sentences requires the un
derstanding, extraction, and application of hierarchical rules. Thus, the 
association between grammatical and arithmetic skills may reflect 
shared domain-general rule-processing abilities (e.g., Hauser et al., 
2002; Viesel-Nordmeyer et al., 2022; 2021; 2019).

In the present study, we use evidence coming from the neural pro
cessing of grammar and arithmetic to determine whether the association 
between these skills may be driven by processes that are related to 
linguistic-semantic processing or domain-general rule-processing abili
ties. To address this question, we conducted an activation likelihood 
estimation (ALE) meta-analysis (see Eickhoff et al., 2016, 2012, 2009; 
Turkeltaub et al., 2012) of brain imaging studies on grammatical and 
arithmetic processing.

Previous work has distinguished brain regions specifically associated 
with linguistic meaning from domain-general brain regions belonging to 
a multiple-demand network that support various cognitive functions 
(even though these can be recruited during language tasks) (for reviews 
see e.g., Duncan, 2010; Duncan and Owen, 2000; Fedorenko et al., 2024; 
Friederici et al., 2011; Humphreys and Tibon, 2023). Building on this 
distinction, we aim to characterize both the shared and the 
domain-specific neural systems supporting grammatical and arithmetic 
processing. Specifically, we examine whether the observed neural 
overlap is more consistent with shared linguistic-semantic processes or 
with domain-general (i.e., meaning-independent) mechanisms, while 
also identifying the neural systems that distinguish the two domains.

In doing so, this meta-analysis aims to characterize how shared and 
domain-specific neural systems jointly contribute to grammatical and 
arithmetic processing, thereby providing new insights into why these 
skills are related while remaining functionally distinct. Below, we first 
define grammatical and arithmetic skills and the brain regions most 
commonly associated with them. We then review the existing behavioral 
and neuroimaging literature on the relation between grammatical and 
arithmetic processing.

1.1. The nature of grammar

Grammar is one of the fundamental components of language (e.g., 
Sioco, De Vera, 2018). It is commonly defined as “the way a language 
manipulates and combines words in order to form longer units of 
meaning” (Ur, 1991, p. 4; see also e.g., Thornbury, 1999; Ur, 1991), 
which cannot be conveyed by vocabulary alone. The construction of 
these units of meaning is determined by a system of rules present in all 
languages. These rules encompass both the ordering of words within 
sentences, referred to as syntax, and the internal structure of words, 
referred to as morphology (e.g., Payne, 2012).

The ordering of words within a sentence is hierarchically structured 
(e.g., Gazdar et al., 1985). As illustrated in Fig. 1, syntactic units called 
“phrases” are built around lexical heads such as nouns (N; e.g., “man”) 
and verbs (V; e.g., “eat”). Noun-Phrases (NP; e.g., “the man”) and 
verb-phrases (VP; e.g., “eats an apple”) are formed according to 

language-specific syntactic rules. A key property of these rules is their 
capacity for recursive embedding of phrases within phrases (e.g., Hauser 
et al., 2002). Within NP, for example, nouns (e.g., “man”) are often 
accompanied by a “specifier” (e.g., “the”). Within VP, verbs (e.g., “eat”) 
are often accompanied by a complement (e.g., “an apple”), which itself 
may include another NP (“an apple”). Thus, phrase structure arises from 
recursively combining syntactic units into increasingly complex con
figurations (e.g., Gazdar et al., 1985). The hierarchical nature of these 
rules is commonly visualized by a so-called tree structures (e.g., Derrick 
and Archambault, 2009; Hunter, 2021; Johnson, 1998), which depict 
the overall syntactic organization of the whole sentence as well as the 
internal structure of its constituent phrases (for an example see Fig. 1).

To combine different words within sentences, morphological rules 
are needed (e.g., Holmberg and Roberts, 2013; Matthews, 1991). 
Morphology can be defined as the study of the structure and function of 
words (e.g., Zeige, 2015). Words consist of “roots” (e.g., believe as a verb; 
registration as a noun) that can be combined with an “affix” (e.g., able in 
believable; pre in pre registration) to form a “stem” (e.g., believable, 
preregistration). Affixes can be attached in front of the root (prefix; e.g., 
pre in pre registration) or to its end (suffix; e.g., able in believable) (e. 
g., Twain, 2013). Within sentences, affixes serve several grammatical 
functions. They can mark relational roles (e.g., the boy’s apple) or ex
press comparative relations between different objects (e.g., the boy’s 
apple is larger than the girl’s apple). Moreover, word structure re
sembles syntactic structure in being hierarchical. For instance, adjec
tives may be formed through the sequential application of 
morphological rules (see Fig. 1). For example, an adjective can be 
formed by attaching a suffix (e.g. able) to a noun (e.g., approach). 
Further, a prefix (e.g., un-) may then be attached to this adjective that 
was formed before (e.g., unapproachable). Morphology also exhibits 
recursion, allowing complex structures to be built from repeated appli
cations of the same rule (e.g., apple-eater; apple-eater-eater; 
apple-eater-eater-eater) (e.g., Holmberg and Roberts, 2013; Twain, 
2013). Like syntactic structures, the hierarchical and recursive nature 
of word formation can be visualized using tree structures (see Fig. 1).

To summarize, grammatical rules of both syntax and morphology are 
necessary for expressing relations within sentences, such as relations 
between words (e.g.,: the words “man” and “apple”), contextual infor
mation (e.g.,: → “That is the man’s apple”), temporal relations (e.g., → 
“That is the man’s apple” or “That was the man’s apple”), or distinctions 
between singular and plural (e.g., → “That is the man’s apple” or “These 
are the man’s apples”) (e.g., Sioco, De Vera, 2018; Thornbury, 1999). 
Hence, syntax and morphology are fundamental for constructing 
meaning in language. Without grammatical structure, the ability to 
comprehend and communicate complex meanings would be severely 
limited.

Note that some definitions equate grammar directly with syntax, as 
in the notion of “universal grammar” proposed by Chomsky (e.g., 
Chomsky, 1957; Halle, 1962). In this framework, grammar is largely 
detached from context and meaning (e.g., Chomsky, 1957; 1981). Other 
definitions adopt a broader perspective, incorporating additional sub
systems of language such as “phonology” and “phonetics” (e.g., Payne, 
2012; Meibauer et al., 2015). Still others include components 
describing the system of meaning, such as “semantics” or “pragmatics” 
(e.g., Payne, 2012; Meibauer et al., 2015).

In the present study, we adopt a definition of grammatical skills as a 
set of skills foundational for communicating in a language (e.g., Payne, 
2012). Specifically, we follow accounts that define grammar as “system 
of rules for combining words and phrases in sentences into larger units of 
meaning” (Ur, 1991, p. 4; see also e.g., Hornby, 2000; Thornbury, 1999; 
Ur, 1991). This definition incorporates both syntax and morphology.

1.2. Brain areas involved in grammatical processing

Grammatical processing is cognitively demanding, as it requires the 
application of multiple hierarchical and rule-based operations. 

Fig. 1. Examples of a syntactic (sentence “The man eats an apple”) and a 
morphologic (adjective “unapproachable”) tree structure.
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Neuroimaging research therefore consistently reports the engagement of 
distributed neural networks during grammatical processing (Menks 
et al., 2024). These networks include regions of the domain-specific 
language network (for reviews see Fedorenko et al., 2024; Friederici, 
2011) but also brain regions associated with the domain-general mul
tiple-demand network (for reviews see e.g., Duncan, 2010; Duncan and 
Owen, 2000; Humphreys and Tibon, 2023).

The domain-specific language network occupies a well-defined 
anatomical configuration (Fedorenko et al., 2024). In most in
dividuals, it is strongly left-lateralized and includes areas of the inferior 
(IFG) and middle frontal gyri (MFG) as well as areas of the superior 
(STG) and middle temporal gyri (MTG) (see Fedorenko et al., 2024; 
Friederici, 2011; Friederici, 2019; Vigneau et al., 2006). Classical ac
counts often refer to these regions as “Broca’s area” (traditionally the 
posterior IFG, sometimes extending dorsally to adjacent portions of the 
MFG) and “Wernicke’s area” (posterior temporal cortex), although 
contemporary perspectives emphasize distributed functional speciali
zation within this network (e.g., Hagoort and Indefrey, 2014; Poeppel 
and Hickok, 2004).

Within this system, the left IFG, particularly its opercular and 
triangular parts, has been most consistently associated with grammat
ical processing (for reviews, see Friederici, 2011; Friederici, 2019; Sakai, 
2005). Activity in the posterior IFG in particular has been linked to hi
erarchical structure-building operations such as "Merge," which com
bines linguistic elements according to language-specific rules. Simpler, 
adjacency-based combinatorial operations may engage the frontal 
operculum and the anterior superior temporal gyrus (ASTG), connected 
via a ventral white-matter pathway, whereas more complex hierarchical 
structures rely on a dorsal pathway (the arcuate fasciculus) linking the 
posterior IFG to the posterior superior temporal cortex (e.g., for reviews, 
see Friederici, 2011; 2012; Friederici, 2019).

Beyond these language-specific brain regions, a prior review on 
grammatical processing (Sakai, 2005) suggested that the left lateral 
premotor cortex (PMC) may also contribute to syntactic grammatical 
processing. Notably, the co-activation of the PMC and IFG persists even 
when controlling for working memory demands, leading to the proposal 
of a frontal “grammar center” specialized for syntactic computations 
(Sakai, 2005). Critically, compared to temporal regions that are strongly 
implicated in lexical-semantic processing, the left IFG appears to be 
more closely linked to structural, potentially meaning-independent 
grammatical operations (Fedorenko et al., 2012; Shain et al., 2024; 
Vigneau et al., 2006; Wang et al., 2024). This distinction is particularly 
relevant when considering accounts of grammar as a rule-based 
computational system (e.g., Chomsky, 1957, 1981).

It should be noted, however, that most evidence for functional 
specialization of grammatical processing comes from research from 
adult populations. In children, grammatical processing cannot be clearly 
dissociated from general lexical language processing before approxi
mately 9–10 years of age (e.g., Fengler et al., 2016; Wang et al., 2024; 
2023).

1.3. The nature of arithmetic

Arithmetic is a fundamental branch of mathematics that can be 
defined as the theory (e.g., Nagel and Newman, 2001; Wilson, 2020) or 
science of numerical calculations (e.g., Sophian, 2008). Like grammar, 
arithmetic relies on structured, rule-based operations. The operations of 
“addition”, “subtraction”, “multiplication” and “division” form the main 
calculations of arithmetic. “Addition” means combining two single 
numbers into a single quantity (e.g., “3 + 2 = 5”), whereas “subtrac
tion”, the inverse of addition, means separating a subset from a larger set 
(e.g., “5 ─ 2 = 3”) (e.g., Verschaffel, De Corte, 1996; Wright et al., 
2012). “Multiplication” can be conceptualized as repeated addition of 
the same number (e.g., “3 ×2 = 6” = 2 + 2 + 2), and “division” is the 
inverse of this multiplication process (e.g., “6 ÷ 3 = 2”) (e.g., Huber 
et al., 2013; Park and Nunes, 2001; Wright et al., 2012). Overall, 

arithmetic skills can be defined as the knowledge and application of 
rules and procedures to combine, transform and manipulate numbers. 
Importantly, the understanding of these numerical relations (and 
quantities) is suggested to depend on the understanding of 
linguistic-semantic concepts, such as grammatical word forms of com
paratives (e.g., smaller, larger) or superlatives (e.g., smallest, largest”) 
(e.g., Spelke, 2017; Viesel-Nordmeyer et al., 2022; 2021).

Further, multi-step calculations require the sequential application of 
learned algorithms (e.g., carrying or borrowing procedures), in which 
intermediate representations must be computed and integrated ac
cording to hierarchical constraints. Thus, similar to grammar, arithmetic 
involves combinatorial processes that operate over symbolic elements in 
a systematic manner. At the same time, arithmetic performance is not 
uniformly procedural. For many single-digit problems, skilled adults or 
adolescents appear to retrieve solutions directly from long-term memory 
(Barrouillet et al., 2008; Campbell and Xue, 2001; Siegler, 1988). Such 
retrieval has been proposed to rely, at least in part, on verbally encoded 
associations between operands and results (Dehaene et al., 2004). 
However, alternative accounts suggest that repeated procedural strate
gies may become automatized with practice in both children and adults 
(Fayol and Thevenot, 2012; Mathieu et al., 2016; Prado and Thevenot, 
2026; Uittenhove et al., 2016). Arithmetic performance may therefore 
reflect both rule-based computation and memory-based retrieval pro
cesses (including verbal encoding).

To summarize, on the one hand arithmetic may engage language- 
related mechanisms in several ways. Understanding numerical re
lations and quantities (e.g., magnitude comparison) often depends on 
linguistic-semantic concepts (e.g., grammatical word forms). Also, 
arithmetic facts may be encoded in verbal form, and verbal working 
memory may support intermediate computations. On the other hand, 
arithmetic clearly entails structured transformations that are not 
inherently semantic, raising the possibility that domain-general rule- 
processing mechanisms contribute to arithmetic independently of lin
guistic meaning.

1.4. Brain areas involved in arithmetic processing

The operations, rules and strategies associated with arithmetic 
problem solving engage multiple neural processes. Prior research has 
identified different brain regions to be activated during arithmetic 
processing (e.g., Peters and de Smedt, 2018; Nieder, 2025; Vogel and de 
Smedt, 2021). Among these, the parietal cortex, including the bilateral 
intraparietal sulcus (IPS), the left angular gyrus (AG) are often impli
cated. The IPS has been argued to support the representation of symbolic 
and non-symbolic numerical quantities that underlie the manipulation 
of numbers during mental calculation (e.g., de Smedt, 2016; Nieder, 
2016; Peters and de Smedt, 2018). In contrast, the left AG is typically 
activated when participants solve arithmetic problems that rely on 
retrieval of arithmetic facts from long-term memory (e.g., Zamarian 
et al., 2009), though there is a debate regarding whether this involve
ment is confounded by task difficulty (Prado and Thevenot, 2026). 
Additional evidence suggests that the left MTG might support the 
retrieval of arithmetic facts from long-term-memory due to its role in 
phonological processing (Prado, 2018; Prado et al., 2011; Prado et al., 
2014; Suárez-Pellicioni and Booth, 2022). Furthermore, activations in 
the left IFG have also been observed, particularly during more 
demanding calculations that require substantial verbal working memory 
processes (de Smedt et al., 2011; Prado et al., 2011; Prado et al., 2014). 
Finally, studies with children suggest that the hippocampus might play a 
transient role in processing arithmetic fact and encoding arithmetic 
problems during early arithmetic learning (Cho et al., 2012; de Smedt 
et al., 2011).
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1.5. Previous studies on the relation between grammar and arithmetic 
skills

Findings from both behavioral and neuroimaging research suggest 
that grammatical processing and arithmetic processing might be related. 
Behavioral studies on both typically developing children and adoles
cents (e.g., Chow and Ekholm, 2019; Kleemans et al., 2018) as well as 
children and adolescents with either arithmetic difficulties (e.g., Chow 
et al., 2021; Shankweiler et al., 1995) or language impairments (e.g., 
Kleemans et al., 2012; Shankweiler et al., 1995) consistently report as
sociations between performance in the two domains. Critically, 
although many of these studies assess multiple language components, 
grammatical skills typically show the strongest association with arith
metic skills. For instance, Kleemans et al. (2018) examined typically 
developing 5th graders on a range of mathematical and language skills. 
They found that children’s arithmetic skills were predicted by their 
receptive grammatical skills and phonological skills but not by their 
vocabulary skills. Interestingly, other mathematical skills included in 
the study, in particular fraction skills and geometric skills, were not 
directly predicted by grammatical skills. Importantly, these analyses 
controlled for working memory skills, which are involved in both 
mathematical and language processing (for reviews see Peng et al., 
2020; Peng and Fuchs, 2016; Viesel-Nordmeyer et al., 2023).

Further supporting evidence comes from Chow et al. (2021), who 
compared children with arithmetic difficulties to typically developing 
children in their receptive syntax, morphology and vocabulary skills. 
Children with arithmetic difficulties were significantly impaired in 
syntax, but not in morphology or vocabulary. Notably, the authors also 
showed that these differences could not be attributed to group differ
ences in verbal working memory.

Similar results were reported for children with specific language 
impairment (Kleemans et al., 2012), who were tested on their language 
(naming speed, phonological awareness, receptive grammar skills) and 
working memory skills (central executive, phonological loop, 
visual-spatial sketchpad) during their last year of preschool and on their 
arithmetic skills one year later (while they were in 1st grade). When 
controlling for working memory skills, receptive grammar and phono
logical skills in preschool predicted arithmetic skills in 1st grade, 
whereas vocabulary did not. Finally, Shankweiler et al. (1995)
compared children with reading difficulties, arithmetic difficulties, 
combined difficulties and typically developing children on various lan
guage skills, including phonological awareness, morphology and syntax. 
Children with arithmetic difficulties showed the poorest performance in 
syntax, not only relative to typically developing peers but also relative to 
the group showing combined difficulties in both reading and arithmetic.

Neuroimaging research in adults provides converging evidence for a 
relationship between arithmetic and grammar skills. Indeed, studies that 
have examined both skills concomitantly tend to show overlapping brain 
areas in both types of tasks (e.g., Baldo and Dronkers, 2007; Makuuchi 
et al., 2012; Nakai and Okanoya, 2018; 2020; Nakai and Sakai, 2014). 
Notably, most of these studies relied on the idea that the hierarchical 
tree structure characteristic of syntax can be transferred to arithmetic 
processing (e.g., Fig. 2; for reviews see Friedrich and Friederici, 2009; 
Matsumoto and Nakai, 2023; Westbury et al., 2003). Accordingly, in 
most of these studies, arithmetic and language problems were designed 
with similar syntactic structures (Makuuchi et al., 2012; Nakai and 
Okanoya, 2018; 2020; Nakai and Sakai, 2014).

For instance, Nakai and Okanoya (2020) examined young adults 
performing both language and arithmetic tasks in an fMRI scanner. In 
the language task, participants had to judge whether the content of a 
single sentence of seven ordered words (e.g., “a kind woman saved a 
small kid”) was consistent with the content of the probe stimulus that 
included a shortened sentence ending with a question mark (e.g., “Did a 
women save?”). In the arithmetic task, participants had to judge 
whether an arithmetic expression with seven elements [e.g., “4”, “2”, 
“-”, “6”, “2”, “÷”, “x” corresponding to “(4− 2) x (6 ÷ 2)”] matched a 

proposed result displayed in the probe (e.g., “= 6?”). The authors found 
shared neural activation in the bilateral IFG in both language and 
arithmetic tasks. Notably, these results were obtained while controlling 
for participants’ general cognitive load and working memory.

Based on results of another study, Nakai and Okanoya (2018) pro
vided evidence regarding the existence of a repetition suppression effect 
between both language and arithmetic processing (in both directions) 
that engaged shared neural resources within the bilateral IFG. Also, 
complementary behavioral studies in adults have reported cross-domain 
structural priming effects between both language and arithmetic, 
consistent with the idea of shared structural representations (e.g., 
Scheepers and Sturt, 2014; Scheepers et al., 2011; Pozniak et al., 2018).

Despite this converging evidence, several issues remain unresolved. 
First, studies on patients with both agrammatic aphasia (e.g., Bánréti, 
and Mészáros, 2019; Varley et al., 2005) or general aphasia (e.g., 
Gonzalez et al., 2021; Klessinger et al., 2007; Proios et al., 2021) chal
lenge the idea that structure-dependent operations in language and 
arithmetic rely on a single shared syntactic system. For example, par
ticipants with severe grammatical impairments have been shown to 
perform accurately on exact calculations (Varley et al., 2005), and 
mathematical deficits in aphasia are not uniform across patients (e.g., 
Gonzalez et al., 2021; Klessinger et al., 2007; Proios et al., 2021). These 
findings raise the possibility that arithmetic may rely on partially in
dependent mechanisms or that shared processing occurs at a more ab
stract, domain-general level.

Second, existing studies do not clearly show whether this association 
between grammar and arithmetic reflects a direct dependency of 
arithmetic processing on syntactic grammar skills or whether a third 
factor drives the relationship (such as executive control). Although some 
studies have controlled for working memory, not all studies have done 
so and it remains possible to attribute the association to this domain- 
general system. Furthermore, the few available brain imaging studies 
comparing directly grammatical processing to arithmetic processing (e. 
g., Baldo and Dronkers, 2007; Makuuchi et al., 2012; Nakai and Oka
noya, 2018; 2020; Nakai and Sakai, 2014) predominantly found shared 
brain activation for syntactic language and arithmetic processing in the 
IFG. The left IFG involvement in arithmetic processing is generally 
consistent with a recent large-scale study linking structural properties of 
this region with individual differences in arithmetic skills 
(Viesel-Nordmeyer and Prado, 2023). However, while the left IFG is 
closely associated with language or phonological processing (e.g. for 
reviews Burton, 2001; Carter et al., 2019; Dapretto and Bookheimer, 
1999; Friederici, 2011; Pollack and Ashby, 2018; Sakai, 2005), it is 
also implicated in domain-general functions such as working memory or 

Fig. 2. Examples of a suggested tree-structure for arithmetic. Panel (a) illus
trates a proposed structural correspondence between arithmetic tree structure 
and language tree structures, as suggested in Nakai and Okanoya (2020): e.g., 
“2 × 4” refers to a noun phrase ("The man") and “+6” refers to a verb phrase (e. 
g. “eats”). Panel (b) shows an alternative arithmetic tree structure, as suggested 
in Nakai and Sakai (2014). Panel (c) shows an arithmetic tree structure of a 
more complex arithmetic problem “4 + [(2 × 6)/3]”, as suggested in Westbury 
et al. (2003). Together, these examples illustrate the theoretical basis for 
treating arithmetic as a rule-based system with hierarchical structure compa
rable to that of natural language grammar.
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motor control (for reviews see Fedorenko et al., 2024; Liakakis et al., 
2011). This makes it difficult to draw any definitive conclusion 
regarding the nature of the association between arithmetic and gram
matical skills from these findings.

Third, the available neuroimaging studies are limited in scope. Many 
were conducted in Japanese, a language with structural properties that 
differ substantially from Indo-European languages, potentially con
straining generalizability (for a review see Malik-Moraleda et al., 2022). 
Therefore, language-specific characteristics may modulate the rela
tionship between syntax and arithmetic, and different association pat
terns cannot be ruled out for other languages (e.g., Tang et al., 2006; Yu 
et al., 2012). It is also worth noting that these neuroimaging studies 
were designed using language and arithmetic problems with similar 
syntactic structures, limiting the conclusions about the general rela
tionship between grammatical and arithmetic processing with different 
syntactic structures.

Finally, all existing brain imaging studies were conducted with 
adults, making the findings less relevant for explaining the associations 
between grammatical and arithmetic skills in children.

Taken together, prior research suggests some association between 
grammatical (especially syntactic) skills and arithmetic performance. 
However, it remains unclear whether this association reflects shared 
linguistic-semantic processes, shared domain-general rule-processing 
mechanisms, or partially overlapping but distinct systems. A quantita
tive synthesis of the neuroimaging evidence is therefore necessary to 
clarify the neural basis of this relationship.

1.6. The present study

Given the limited number of brain imaging studies that have directly 
compared grammatical and arithmetic processing within the same 
experimental framework, we conducted an Activation Likelihood Esti
mation (ALE; see Eickhoff et al., 2016, 2012, 2009; Turkeltaub et al., 
2012) meta-analysis to identify the brain regions that are the most 
consistently activated during grammatical and arithmetic processing 
across the literature. Specifically, we aimed to identify the brain regions 
that underlie both grammatical and arithmetic processing, in both 
children and adults.

Based on previous brain imaging studies on linguistic syntax and 
arithmetic processing in adults (see Baldo and Dronkers, 2007; 
Makuuchi et al., 2012; Nakai and Okanoya, 2018; 2020; Nakai and 
Sakai, 2014) as well as previous brain imaging studies on arithmetic 
processing in children and adolescents (e.g., Prado et al., 2011; Prado 
et al., 2014; De Smedt et al., 2011), we expected overlapping activa
tion clusters between grammatical and arithmetic processing in the left 
lateral prefrontal cortex, including the left IFG but also extending 
dorsally into the MFG (IFG/MFG). Indeed, that area is implicated not 
only in language but also in the multiple-demand network associated 
with domain-general executive control (e.g., Duncan, 2010; Duncan and 
Owen, 2000; Fedorenko et al., 2024; Friederici, 2011; Humphreys and 
Tibon, 2023). Therefore, overlap in this region would be consistent 
with the hypothesis that the association between grammar and arith
metic reflects shared domain-general rule-processing demands.

In addition, we examined whether neural overlap would extend 
beyond the IFG/MFG to other perisylvian language regions. Indeed, 
previous brain imaging studies have shown that the left superior and 
middle temporal gyri (STG, MTG) are associated with linguistic- 
semantic processing (e.g., Fedorenko et al., 2024; Friederici, 2011). If 
arithmetic and grammatical processing show overlapping activation in 
these regions, this would suggest that their association is at least partly 
driven by shared linguistic-semantic mechanisms rather than purely 
domain-general processes.

By quantitatively synthesizing the available neuroimaging evidence, 
the present meta-analysis aims to clarify whether the neural overlap 
between grammar and arithmetic reflects shared domain-general 
cognitive control mechanisms engaged during rule-based tasks, shared 

semantic-linguistic processes, or a combination of both.

2. Methods

The present meta-analysis was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) Statement guidelines (see Page et al., 2021). We followed 
the PRISMA checklist (https://www.prisma-statement.org/) and pro
vide a corresponding flow diagram summarizing the study selection 
process (see Fig. 3).

2.1. Study selection and inclusion criteria

Given that our primary objective was to identify overlapping brain 
areas of grammatical and arithmetic processing, we conducted two in
dependent literature searches. First, we searched for studies on gram
matical processing with the following search terms: “syntax” OR 
“grammar” AND “fMRI”. Second, we searched for studies on arithmetic 
processing using the search terms “arithmetic” OR “algebra” AND 
“fMRI”. Initial searches were conducted in September 2022 on PubMed 
and included all peer-reviewed articles that were published up to that 
date. These searches yielded 383 studies on grammatical processing as 
well as 778 studies on arithmetic processing. To ensure that the meta- 
analysis reflected the most up-to-date literature, we conducted a 
follow-up search in April 2025 using the same search terms and data
base. This additional search identified 28 additional studies on gram
matical processing and 25 additional studies on arithmetic processing.

2.2. Data extraction and coding procedure

In accordance with the PRISMA guidelines, we implemented a 
screening and coding procedure that involved three main steps (see 
Fig. 3). First, studies were title-screened considering the search terms 
mentioned above. Specifically, studies were excluded at this stage if the 
title clearly indicated that the study was unrelated to grammatical or 
arithmetic processing or that fMRI was not used in this study. “Gram
matical” or “arithmetic” processing were interpreted broadly at this 
stage. Specifically, studies with a title that referred to other language or 

Fig. 3. PRISMA flow diagram of the systematic literature search and study 
selection process for the two independent meta-analyses on grammatical and 
arithmetic processing. The diagram shows the numbers of studies included at each 
step of the selection process (initial database search, title screening, abstract 
screening, full text screening, final inclusion). Note. ‘Snowball search’ refers to the 
identification of additional studies from the reference lists of articles retained during 
full-text screening, as well as from the reference lists of reviews and meta-analyses 
excluded at earlier stages. ‘Follow-up search’ refers to a second round of database 
searching (April 2025) conducted after the initial round (September 2022) to ensure 
that the meta-analysis reflected the most recent literature, followed by the same 
screening steps applied to the newly identified studies.
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mathematical domains (e.g. algebra, reading) were retained for the 
abstract screening. In addition, studies were excluded if the title indi
cated that the article was a review, clinical trial, case study, or other 
meta-analysis. These exclusion criteria were applied consistently across 
the subsequent abstract and full-text screening stages.

Second, the abstracts of the remaining studies were screened with 
respect to the search terms and previously defined exclusion criteria. 
Studies were excluded if they (1) exclusively included clinical or 
otherwise unhealthy participants, (2) exclusively used brain imaging 
methods other than fMRI (e.g., EEG; structural MRI), (3) did not report 
whole brain analyses, (4) used unsuitable grammatical or arithmetic 
tasks (e.g. learning/training tasks, artificial grammar tasks), or (5) used 
arithmetic tasks that could not be dissociated from linguistic processing 
(e.g., arithmetic word problems, in which the mathematical operation is 
embedded in a sentential context). This last criterion ensured that 
observed neural overlap between grammatical and arithmetic process
ing could not be attributed to linguistic demands introduced by the 
arithmetic task itself.

Third, all studies that passed the abstract screening were full text 
screened using the same inclusion and exclusion criteria described above. 
In addition, we checked (1) that these studies actually included a 
grammar or arithmetic task performed in the fMRI scanner, and (2) that 
whole-brain functional activation results were reported for healthy 
participants. Also, previous studies indicate that children do not show 
separate brain networks of syntax and semantic processing before the 
age of 9–10 (e.g., Wang et al., 2023; 2024). Therefore, studies that 
focused on grammatical processing before that age were excluded from 
our meta-analyses on grammatical processing. Finally, because there 
was an imbalance between studies involving right- and left-handers (i.e., 
the vast majority of studies involved right-handers), we excluded the 
few studies that involved only left-handers (e.g., Tejavibulya et al., 
2022).

The full-text screening procedure resulted in the inclusion of 41 
studies on grammatical processing and 64 studies on arithmetic pro
cessing. All included studies were subsequently subjected to fine coding, 
as presented in Table 1. As part of this process, the reference lists of the 
included articles, as well as the excluded reviews and meta-analyses, 
were screened for additional relevant studies (“Snowball search”). 
This procedure yielded five additional studies on grammatical process
ing, four of which were included in the fine-coding procedure. In total, 
fine-coding was conducted for 45 grammatical processing studies and 64 
arithmetic processing studies.

The entire screening and coding procedure was double-coded. Spe
cifically, the first coding was conducted by the first author, and the 
second coding was conducted by the second author and a research en
gineer. Discrepancies were evaluated at two stages: (a) the general in
clusion of the studies in the fine coding procedure, and (b) the fine 
coding procedure itself. For the study inclusion, the intercoder reli
ability was 93.5% for studies on grammatical processing and 95% for 

studies on arithmetic processing. For the fine-coding procedure, the 
inter-coder-reliability was 92.3% for studies on grammatical processing 
and 97.5% for studies on arithmetic processing. All disagreements be
tween the coders were resolved through discussion and by consulting 
the original articles.

The follow up search yielded three additional studies on grammatical 
processing (n = 45 + 3 = 48) and two additional studies on arithmetic 
processing (n = 64 + 2 = 66). The follow up coding procedure was 
conducted by all three authors. Intercoder-reliability for the inclusion of 
the studies was 96.4% for grammatical processing and 84.0% for 
arithmetic processing. After discussing the initial discrepancies, full 
agreement was reached for all inclusion decisions. Intercoder-reliability 
for the fine-coding procedure was 100% for studies on both grammatical 
and arithmetic processing. References for all included studies, as well as 
detailed information on each study can be found in the Supplementary 
Materials. A descriptive summary of the included studies, including 
characteristics of participants, materials and contrasts, is shown in 
Table 2.

2.3. Meta-analytic procedure

In a first step, we conducted two separate ALE (see Eickhoff et al., 
2016; 2012; 2009; Turkeltaub et al., 2012) meta-analyses (both 
including children and adults): one for grammatical processing and one 

Table 1 
Coding criteria in the fine-coding procedure.

Moderators Levels and operation definitions

Title screening 1 = “yes”/ 2 = “not sure”/ 0 = “no”
Abstract screening 1 = “yes”/ 2 = “not sure”/ 0 = “no”
Full-text screening 1 = “yes”/ 2 = “not sure”/ 0 = “no”
Whole brain analyses 1 = “yes”/ 0 = “no”
fMRI task visual/verbal 1 = visual/ 2 = audio/verbal
fMRI Scanner Name of the scanner
Statistical threshold statistical threshold of the included contrasts
fMRI task Short description of the task
Contrasts fMRI task Contrasts
Coordinates fMRI task MNI or Talairach values
Number of participants Total number of participants
Country Name of the country
Age span Age span
Mean age Mean age

Table 2 
Descriptive summary of the included studies.

Grammar studies 
(n = 501)

Arithmetic studies 
(n = 701)

Participants ​ ​
Mean Sample size 18.4 26.4
Languages ​ ​
English 34.0% 44.3%
German 32.0% 14.3%
Dutch 6% 7.1%
Finnish ─ 1.4%
Swedish ─ 1.4%
French 4.0% 12.9%
Spanish 4.0% ─
Mandarin 6.0% 14.3%
Japanese 8.0% ─
English-Chinese ─ 1.4%
Kaqchikel 2.0% ─
Unknown ─ 1.4%
Ages ​ ​
< 14 years 4.0% 27.1%
14–18 years ─ 8.6%
18–35 years 86.0% 65.7%
35–45 years 4.0% ─
> 45 years 4.0% ─
Tasks ​ ​
Modality3 ​ ​
Verbal/audio 66.0% 2.9%
Visual 44.0% 97.1%
Contrasts3 ​ ​
Stimuli vs. baseline/fixation 24.0% 25.7%
Production vs. stimuli 

repetition3
6.0% 1.4%

Large vs. small problems 
(arithmetic only)

12.0% 29.8%

Stimuli vs. other tasks 78.0% 45.7%

Notes. 1Sample sizes between included studies following the search procedure vs. 
studies included in the meta-analysis differ due to the fact that some studies 
conducted different experiments using different participants. 2While “produc
tion” refers to a higher cognitive process demand by a given stimulus (e.g., 
conversion of a given word in another word form), “repetition” refers to a simple 
repetition demand of the presented stimuli (e.g. oral repetition of the word in its 
presented form); 3Given that some studies included different modalities of 
stimuli presentations or different combinations of task contrasts, the percentage 
values do not sum to 100%. More detailed information for each study can be 
found in the supplemental file.
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for arithmetic processing. Note that two of the grammar studies (Heim 
et al., 2003; Obleser et al., 2011) and three of the arithmetic studies 
(Chang et al., 2016; Díaz-Barriga Yáñez et al., 2023; Matejko and Ansari, 
2019) included separate experiments on different groups of participants. 
This led to the final inclusion of 50 studies in the meta-analysis of 
grammatical processing and 70 studies in the meta-analysis of arith
metic processing. With both sample sizes we met the suggested criterion 
for adequate power, which is ≥ 30 experiments (see Eickhoff et al., 
2016; Yeung et al., 2023).

The BrainMap application GingerALE was used to run the meta- 
analyses (Version 3.02: Fox et al., 2013; https://www.brainmap.org). 
For each ALE meta-analysis, the following procedure was applied: First, 
all reported activation foci were converted into a common space (i.e., 
the Montreal Neurological Institute template). Next, each focus was 
modeled as a three-dimensional Gaussian probability distribution 
reflecting spatial uncertainty (e.g., Eickhoff et al., 2009). For each 
experiment, modeled activation maps were generated by combining the 
Gaussian distributions of all reported foci using the maximum proba
bility approach, thereby accounting for within-experiment effects (e.g., 
Turkeltaub et al., 2012). ALE scores were then computed by combining 
modeled activation maps across experiments to identify regions showing 
consistent activation across studies. Results were thresholded at a 
voxel-level of p < 0.05 using family-wise error correction (FWE), which 
provides stringent control of false positives and prioritizes spatial 
specificity, and has been recommended for ALE meta-analyses with 
sufficiently powered datasets (see Eickhoff et al., 2016; Frahm et al., 
2022). Given that both datasets substantially exceeded the recom
mended minimum of 30 experiments for adequately powered ALE an
alyses (Eickhoff et al., 2016), we chose voxel-level FWE over 
cluster-level FWE to prioritize spatial specificity over sensitivity. Sta
tistical inference was performed by comparing the observed ALE values 
against a null distribution generated from 1000 permutations (e.g., 
Eickhoff et al., 2012; Marozzi, 2004). To avoid spurious clusters con
sisting of only a few voxels, we applied a minimum cluster size of 
200 mm³ (e.g., Eickhoff et al., 2016), consistent with common practice 
in ALE-meta-analyses (e.g., Chai et al., 2025; Gavazzi et al., 2023; 
Kumar et al., 2016, Noferini et al., 2026).

In a second step, we conducted two additional analyses. First, we 
performed a conjunction analysis to determine brain areas that both 
support grammatical and arithmetic processing. This was done by using 
the results of the separate meta-analyses of grammatical and arithmetic 
processing (see Figure S1, Table S1 and S2), as well as a third dataset 
that pooled the foci from both grammatical and arithmetic studies (this 
dataset served as an empirical baseline, Fox et al., 2013). A new ALE 
map taking the voxel-wise minimum value from the two original 
thresholded maps was then created to determine areas of overlap across 
the two meta-analyses. Second, we conducted contrast analyses in both 
directions (grammatical > arithmetic; arithmetic > grammatical) to 
identify brain regions that were specific to each domain. Statistical 
inference for conjunction and contrast analyses was again based on 1000 
permutations controlling for multiple comparisons applied at the 
voxel-level using a family-wise error–corrected threshold of p < .05 with 
minimum cluster size of 200 mm3 due to the reasons described above. 
All images were visualized using MRICroGL (Rorden and Brett, 2000).

Finally, because the main analyses described above included both 
children and adults, we repeated the procedure described above but this 
time only including studies on adult participants (grammar studies: 
n = 48; arithmetic studies: n = 45). This allowed us to evaluate the 
impact of including studies with children on the main findings.

3. Results

3.1. Brain regions involved in grammatical or arithmetic processing 
(separate meta-analyses)

Results of the separate meta-analyses for both grammatical and 

arithmetic processing in children and adults can be found in the 
Supplementary Materials (see Table S2, Table S3, Figure S1). Briefly, 
these analyses indicate that studies on grammatical processing most 
consistently report activation of a left-lateralized brain network that 
involves the IFG/MFG, MTG and STG, the pre supplementary motor area 
(preSMA), and the parietal cortex (see Table S2 and Figure S1). Studies 
on arithmetic processing most consistently report activation of a bilat
eral network that includes the IFG, parietal cortex, insula, preSMA, and 
MFG (see Table S3 and Figure S1). These findings suggest both over
lapping and distinct brain regions supporting grammatical and arith
metic processing. We then turn to conjunction and contrast analyses to 
formally test this claim.

3.2. Brain regions involved in both grammatical and arithmetic processing

Significant clusters identified in the conjunction analysis of gram
matical and arithmetic processing in children and adults are shown in 
Fig. 4 and Table 3. The conjunction analysis between grammatical and 
arithmetic processing revealed four left-lateralized clusters. The largest 
cluster was identified at the border of the IFG and MFG (Brodmann Area 
[BA] 9). With a cluster volume of 1552 mm3, this cluster was more than 
twice as large as any of the other three clusters. The second cluster was 
located in the left SMA (BA 6; 776 mm3) and the third cluster in the left 
IPL (BA 40; 536 mm3). A smaller cluster of 256 mm3 was also found in 
the dorsal part of the left anterior Insula (BA 13). Thus, four left- 
lateralized regions showed consistent spatial overlap across studies of 
grammatical processing and arithmetic processing.

3.3. Brain regions more involved in grammatical than arithmetic 
processing

The contrast analysis comparing grammatical to arithmetic pro
cessing showed three left-lateralized clusters (see  Table 4). The largest 
cluster (5816 mm3) was identified in the left IFG, encompassing the 
opercular and triangular parts corresponding to Broca’s area (BA 44 and 
BA 45). The second cluster (1624 mm3) was located in the left temporal 
cortex, extending across the posterior STG (BA 22) and the dorsal MTG 
(BA 21), which are two regions traditionally associated with Wernicke’s 
area. Beyond these perisylvian brain regions, a third cluster (1720 mm3) 
was identified in the left anterior SMA (BA 6), indicating additional 
frontal involvement specific to grammatical processing.

3.4. Brain regions more involved in arithmetic than grammatical 
processing

The contrast analysis comparing arithmetic to grammatical pro
cessing revealed a large number of clusters distributed across both 
hemispheres (see Fig. 4 and Table 5). The most prominent clusters were 
located bilaterally in the right IPS (6408 mm3) and left IPS (5512 mm3). 
Another cluster (2816 mm3) included parts of the left SMA and the left 
anterior cingulate cortex (BA 6; BA 32; BA 24). Two additional clusters 
were located in the anterior insula bilaterally, with one cluster in the left 
insula (2232 mm3) and the right insula (1888 mm3). Another cluster 
extended across the left MFG and parts of the precentral gyrus (BA 6; BA 
9; 1720 mm3). Finally, three smaller clusters were found in the dorso
lateral prefrontal cortex (BA 9; 440 mm3), the left SMA (BA 6; 688 mm3) 
and an additional region of the left intraparietal sulcus (BA 40; 
312 mm3).

3.5. Control analyses only involving adult participants

The main analyses described above included studies involving both 
children and adults. Therefore, it is difficult to determine the impact of 
learning and development on our results. Unfortunately, there were not 
enough studies with children to perform reliable contrast analyses 
comparing adults to children (Müller et al., 2018). Nonetheless, we 
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assessed the impact of studies involving children on our main findings 
by running our analyses once again, but this time only with adult 
studies. All figures and tables relative to these control ALE 
meta-analyses are available in the Supplementary Materials (see 
Table S4-S8 and Figure S1-S3).

After excluding studies involving children, the conjunction analysis 
still again identified the same four overlapping clusters: left IFG/MFG 
(BA 9: X = -48, Y = 12, Z = 28; ALE=.0468; 1480 mm3), left SMA (BA 6: 
X = -2, Y = 14, Z = 54; ALE=.0375; 544 mm3), left IPL (BA 40: X = -40, 
Y = − 46, Z = 48; ALE=.0314; 328 mm3) and the dorsal part of the left 
anterior Insula (BA 13: X = -34, Y = 26, Z = -2; ALE=.0259; 128 mm3). 
The Grammar > Arithmetic contrast likewise replicated the main find
ings, revealing the same three clusters as in the primary analyses: the left 
IFG (BA 44, BA 45: X = -50.5, Y = 19.9, Z = 6.8; p < .001, Z = 3.29; 
4952 mm3), left SMA (BA 6: X = -43.7, Y = 1.9, Z = 51.2; p < .001, 
Z = 3.29; 1528 mm3), and left STG/MTG (BA 22, BA 21: X = -57.6, Y =
− 46.8, Z = 4.8; p < .001, Z = 3.29; 1728 mm3). Similarly, the Arith
metic > Grammar contrast reproduced the principal findings, including 
bilateral IPS clusters (right IPS: BA 40, BA 7: X = 30.5, Y = − 59.4, 
Z = 41.1; p = .013, Z = 3.29; 3928 mm3; left IPS: BA 19, BA 39: X = - 
25.6, Y = − 63.3, Z = 40.1; p < .001, Z = 3.29; 3560 mm3), SMA/ 
anterior cingulate cortex (BA6, BA 32, BA 24: from cluster#3/9: 

2816 mm3 to cluster#5/7:1256 mm3), bilateral insula (right Insula: BA 
13: cluster#5/9: 1888 mm3 to cluster#7/7: 664 mm3; left Insula: BA 13: 
cluster#4/9: 2232 mm3 to cluster#3/7: 1384 mm3), and inferior/mid
dle frontal regions (BA 6, BA 9: cluster#6/9: 1720 mm3 to cluster#4/7: 
1256 mm3). Thus, excluding studies involving children had little impact 
on the overall pattern of results.

4. Discussion

The overarching goal of our study was to shed light on the causes of 
the association between grammatical and arithmetic skills by identifying 
the brain regions that consistently support both grammatical and 
arithmetic processing in the literature. Specifically, we aimed to deter
mine whether areas of overlap would be predominantly located in re
gions that may be involved in linguistic-semantic processing or in 
domain-general processes which underpin rule-processing mecha
nisms. We conducted separate ALE meta-analyses for both grammatical 
and arithmetic processing, followed by a conjunction analysis to identify 
shared brain regions and contrast analyses in both directions (grammar 
> arithmetic; arithmetic > grammar). Due to the small number of 
available brain imaging studies identified for grammatical processing in 
children, we conducted our main meta-analysis on both children and 

Fig. 4. Brain regions showing shared and dissociated activation between grammatical and arithmetic processing across studies including adults and children. Statistical maps 
are shown for (a) the conjunction analysis identifying regions commonly engaged in grammatical and arithmetic processing (grammatical ∧ arithmetic), (b) the 
contrast analysis identifying regions more strongly engaged in grammatical than arithmetic processing (grammatical > arithmetic), and (c) the contrast analysis 
identifying regions more strongly engaged in arithmetic than grammatical processing (arithmetic > grammatical). All analyses used activation likelihood estimation 
(ALE; Eickhoff et al., 2016) with a voxel-level family-wise error-corrected threshold of p < 0.05 (based on 1000 permutations) and a minimum cluster size of 200 
mm³. Color scale represents ALE values. Coordinates are reported in MNI space; "R" indicates the right hemisphere.

Table 3 
ALE conjunction analysis of brain regions supporting grammatical and arithmetic processing in children and adults.

MNI 
Coordinates

ALE 
value

Volume 
(mm3)

Foci Contributing studies

Cluster x y z

(1) Left Inferior and Middle Frontal Cortex 
(BA 9)

-48 12 26 .050 1552 28 A2, A7, A11, A12, A15, A33, A41, A43, A49, A52, A60, A66, 
G3, G7, G18, G24, G31, G34, G38, G40, G41, G50,

(2) Left Supplementary Motor Area (BA 6) -2 14 54 .038 776 29 A2, A8, A9, A11, A12, A13, A15, A28, A29, A35, A36, A39, A41, A43, 
A49, A55, A61, A66, 
G31, G32, G37, G40, G46, G50,

(3) Left Inferior Parietal Lobule (BA 40) -42 -44 48 .032 536 15 A14, A31, A45, A53, A56, A58, A68 
G7, G19, G20, G26, G34, G41, G44

(4) Left Insula (BA 13) -32 26 -2 .029 256 7 A7, A24, A43 
G7, G32, G38, G40

Note. The table on the contributing studies including study details can be found in the Supplementary file in Table S1.
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adults and subsequently performed a control meta-analysis including 
only adult studies.

On the one hand, we found an overlap between grammatical and 
arithmetic processing in four left-lateralized brain clusters located in the 
IFG/MFG, the SMA, the IPS and the anterior Insula. On the other hand, 
we also found several clusters showing specificity for each domain. In 
particular, we identified clusters for grammatical processing in the left 
Perisylvian regions and clusters for arithmetic processing in various 
regions of the left hemisphere, as well as in the bilateral IPS. Together, 
these findings provide important insights into the neural architecture 
underlying the association between grammatical and arithmetic 
processing.

4.1. Brain regions showing overlapping activity between grammatical and 
arithmetic processing

Our main meta-analysis revealed four clusters of shared neural 
activation between grammatical and arithmetic processing, all located 
in the left hemisphere. Specifically, the largest cluster was identified at 
the border between the left IFG and left MFG (BA 9), while two clusters 
of comparable size were found in the left SMA (BA 6) and in the dorsal 
part of the left inferior parietal lobule (IPL, BA 40). A smaller cluster was 
detected in the dorsal part of the left anterior Insula (BA 13).

All four clusters are typically associated with the so-called “multi
ple_demand network” of cognitive processing (for reviews see Duncan, 
2010; Duncan and Owen, 2000; Fedorenko et al., 2024; Humphreys 
and Tibon, 2023). The multiple_demand network notably comprises a 
set of frontal and parietal regions that are activated across a wide range 
of cognitive tasks. Activations in the multiple-demand network have 
been linked to domain-general cognitive processes, such as attention, 
perception, response selection, executive control, working memory, 
episodic memory or problem solving (e.g., Duncan, 2010; Duncan and 
Owen, 2000; Humphreys and Tibon, 2023). For instance, prior studies 
that contrasted task difficulty across diverse cognitive domains 
including language or mental arithmetic found neural activation in at 
the junction between the left IFG and left MFG (e.g., Jost et al., 2009; 
Kong et al., 2005; Gruber et al., 2001; Menon et al., 2000; Zago et al., 
2001). Such complex cognitive processes are known to place high de
mands on executive function or working memory processes (e.g., Nee 
et al., 2012). Importantly, prior studies have shown that the area of 
the left IFG that extends dorsally into the MFG is typically associated 
with executive demands rather than language-specific processing (e.g., 
Fedorenko and Blank, 2020).

Similarly, studies show that the SMA is not only associated with the 
execution of motor processes but also with attention, inhibition or 
updating (e.g., Bhattacharjee et al., 2021; Hanakawa et al., 2002; 
Tanaka et al., 2005). The left parietal lobule (BA 40) has also been 
shown to support working memory (e.g. Koenigs et al., 2009), consistent 
with the fact that it exhibits long-range connectivity with lateral frontal 
executive control regions of the dorsolateral prefrontal cortex (for re
views see Humphreys et al., 2020; Humphreys and Tibon, 2023). 
Finally, the anterior Insula has been consistently associated with general 
goal-directed cognition (e.g., Chang et al., 2013; Duncan and Owen, 
2000; Dosenbach et al., 2006; Yarkoni et al., 2009), including execu
tive processing, inhibition, switching, or error-processing (for reviews 
see Chang et al., 2013; Menon and Uddin, 2010; Menon, 2024).

Notably, although the multiple_demand network is often activated 
during grammatical processing (e.g., sentence comprehension, sentence 
production, lexical decision or picture naming), it is not sensitive to 
linguistic meaning per se (e.g., Fedorenko et al., 2024). Instead, the 
network appears to be similarly engaged during the processing of 
different types of arithmetic problems, regardless of whether numerical 
problems are presented symbolically (e.g., 500 − 2 + 3 = ?) or verbally 
(e.g., subtract 2 from 500, then add 3), indicating that the 
multiple-demand network operates largely independently of represen
tational format or semantic content (see Fedorenko et al., 2024). Taken Ta
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together, the shared activation in regions of the multiple_demand 
network for both grammatical and arithmetic processing does not pro
vide strong support for the view that arithmetic processing primarily 
depends on linguistic-semantic representations. Rather, these findings 
are consistent with the view that both grammatical and arithmetic 
processing rely on domain-general processes supported by shared brain 
regions.

In a seminal review of grammatical processing in the brain (Sakai, 
2005), the two main clusters that we identified in our conjunction 
analysis—namely the left IFG extending dorsally into the MFG (BA 9) 
and the left SMA (BA 6)—were proposed to form a putative ‘‘grammar 
center’’ reflecting the “universal nature of grammatical processing” (p. 
817). These regions were argued to selectively process syntactic struc
tures of grammar independently of (verbal) working memory demands. 
In this respect, it is worth noting that the shared activation of syntactic 
processing in language and arithmetic in the IFG reported by Nakai and 
Okanoya (2020) was observed while controlling for working memory 
processes. Likewise, most behavioral studies reporting an association 
between syntactic grammar and arithmetic skills controlled for working 
memory influences. Therefore, it is unlikely that the shared processing 
of grammar and arithmetic in these regions can be explained solely by 
shared working memory demands. Instead, it is possible that the left 
prefrontal cortex, left SMA, and anterior Insula may form a specific brain 
network supporting the processing of hierarchical, rule-based structures 
across domains, independently of linguistic meaning. Which higher 
cognitive functions may be required by this network (e.g., executive 
control, working memory, inhibition) cannot be answered with our 
study.

Interestingly, this proposed syntactic network may not be limited to 
language and mathematics. For instance, a recent meta-analysis on 
grammatical syntax and musical rhythm processing (Heard and Lee, 
2020) reported the same three main clusters of overlapping brain re
gions (the SMA, left prefrontal cortex, and left anterior insula) for 
grammar and music that we identified for grammar and arithmetic. 
Indeed, the syntactic structure of language has been mapped not only 
onto arithmetic (e.g., Jeon, 2014; Tettamanti and Weniger, 2006), but 
also onto music (for a review, see Patel, 2003). This convergence may 
reflect the fact that music, like language and arithmetic, involve the 
perception and manipulation of discrete elements organized into 

hierarchically structured sequences (Patel, 2003).
Note, however, that the brain regions identified here differ from 

those previously proposed to support general hierarchical processing 
across a variety of cognitive domains. Specifically, prior research sug
gested the pars opercularis (BA 44) as a core region for domain-general 
hierarchical processing beyond language, mathematic and music (for a 
review, see Jeon, 2014; Tettamanti and Weniger, 2006). In contrast, the 
pars opercularis is typically considered part of a core language network 
and has been shown to be sensitive to linguistic meaning (e.g., 
Fedorenko et al., 2024).

4.2. Brain regions more involved in grammatical than arithmetic 
processing

The contrast between grammatical and arithmetic processing 
revealed three clusters that were selectively engaged during grammat
ical processing, primarily within the classical perisylvian language 
network. These clusters included the opercular and triangular parts of 
the left IFG (BA 44/45), a smaller temporal cluster encompassing the 
posterior superior and dorsal MTG (BA 22/21), and an additional cluster 
in the left anterior SMA (BA 6). Together, this pattern indicates that 
domain-specific grammatical processing recruits both core language 
regions and adjacent frontal areas beyond the canonical perisylvian 
cortex.

Broca’s area (BA 44/45) has consistently been identified as a key 
region during syntactic processing (e.g., Ardila et al., 2016; 2017; 
Friederici, 2019; 2011; Malik-Moraleda et al., 2022, Sakai, 2005). 
Numerous neuroimaging studies have reported robust activation during 
a wide range of syntactic tasks, including sentence comprehension, 
morphosyntactic agreement, and syntactic complexity manipulations (e. 
g., Ben-Shachar et al., 2003; 2004; Bonhage et al., 2015; 
Bornkessel-Schlesewsky et al., 2009; Caplan et al., 2000; 2008; Dapretto 
and Bookheimer, 1999; Feng et al., 2015; Friederici et al., 2006; 
Henderson et al., 2016; Moro et al., 2001; Santi and Grodzinsky, 2007; 
Tyler et al., 2005). Importantly, activations of Broca’s area are often 
accompanied by co-activation in the anterior STG/dorsal MTG (“Wer
nicke’s Area”; BA 22, BA 21) and/or the left SMA (BA 6), mirroring the 
pattern observed in the present meta-analysis.

For instance, Feng et al. (2015) found activations in the left IFG, the 

Table 5 
ALE contrast analysis of arithmetic vs. grammatical processing in children and adults.

MNI Coordinates p Z Volume 
(mm3)

Foci Contributing studies

Cluster x y z

​ ​ ​ ​ ​ ​ ​ ​ ​
(1) Right IPS (BA 40; BA 7) 33.1 -57.6 41.4 .013 >2 6408 65 A1, A2, A3, A5, A6, A9, A12, A13, A14, A15, A18, A20, A22, 

A24, A25, A28, A31, A33, A40, A41, A43, A45, A48, A49, A50, 
A51, A56, A57, A58, A60, A62, A63, A64, A68, A70

(2) Left IPS (BA 7; BA 19; BA 39) -27.8 -63.2 43.4 <.001 >3 5512 67 A1, A2, A3, A4, A5, A6, A9, A11, A12, A13, A15, A18, A20, A23, 
A24, A25, A26, A27, A28, A31, A35, A36, A37, A39, A40, A42, 
A43, A45, A48, A49, A50, A51, A57, A58, A59, A60, A66, A67, 
A70

(3) Left Supplementary Motor Area / 
Cingulate Gyrus (BA 6; BA 32; BA 24)

2.3 13.4 45.4 <.001 >3 2816 38 A5, A6, A8, A9, A12, A13, A15, A18, A19, A27, A28, A29, A31, 
A33, A35, A36, A41, A43, A49, A50, A51, A52, A55, A58, A61, 
A62, A64, A66

(4) Left Claustrum/Left Insula (BA 13) -31.2 18.7 3.53 <.001 >3 2232 35 A4, A5, A7, A8, A9, A10, A13, A16, A23, A24, A25, A36, A37, 
A39, A43, A51, A53, A55, A56, A59, A61, A66, A69, A70

(5) Right Insula/Right Claustrum (BA 
13)

35.2 19.6 6.3 <.001 >3 1888 19 A3, A5, A7, A8, A11, A18, A20, A23, A37, A43, A50, A51, A53, 
A55, A56, A59, A61

(6) Left Precentral Gyrus/Left Inferior 
Frontal Gyrus/Left Middle Frontal 
Gyrus (BA 6; BA 9)

-50 2 30 <.001 >3 1720 25 A13, A18, A22, A33, A35, A36, A40, A41, A42, A43, A49, A50, 
A51, A55, A56, A59, A66, A70

(7) Left Supplementary Motor Area (BA 
6)

-23 4.5 56.5 <.001 >3 688 7 A4, A9, A20, A23, A33, A41, A51

(8) Right Dorsolateral Prefrontal Cortex 
(BA 9)

45.6 36.3 22.9 <.001 >3 440 11 A9, A13, A15, A24, A31, A40, A50

(9) Left IPS (BA 40) -50 -40 54 .007 >3 312 3 A52, A54, A56

Note. The table on the contributing studies including study details can be found in the Supplementary file Table S1.
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anterior STG/left dorsal MTG, and the left SMA while participants 
processed passive versus active sentences in a visually presented 
sentence-picture judgement task. Also, Tyler et al. (2005) showed acti
vation in the left IFG and the anterior STG while participants processed 
regular versus irregular past tense forms in an orally presented 
same-different judgement task. Furthermore, Hashimoto and Sakai 
(2002) found selective activations in the left IFG and the left SMA for 
syntax processing using a visually presented judgement picture task. 
Notably, Hashimoto and Sakai (2002) directly contrasted syntax with 
working memory processes and found that SMA activation persisted for 
syntactic processing even when working memory was controlled.

In the context of the grammar versus arithmetic contrast, our find
ings are consistent with Sakai’s (2005) proposal that the opercular and 
triangular parts of the IFG, together with the left anterior SMA, form a 
core network for syntactic processing. Importantly, in Sakai’s account, 
this network supports grammatical structure building independently of 
linguistic meaning and cannot be reduced to verbal working memory 
demands. The present results extend this proposal by showing that this 
network is selectively recruited for grammatical processing relative to 
arithmetic, even though other regions of the SMA and IFG may partic
ipate in domain-general processing shared between the two domains. 
Structural connectivity findings linking BA 44 with premotor regions via 
the opercula-premotor fasciculus (Lemaire et al., 2013) further support 
the view that some parts of the SMA may contribute specifically to 
grammatical computations rather than general cognitive control un
derpinning multiple cognitive processes.

Prior reviews have already pointed out that Broca’s area (BA 44/45) 
and the ventral premotor cortex (BA 6) may support general grammat
ical processing (see Friederici et al., 2006). In particular, it has been 
argued that the ventral premotor cortex (BA 6) supports the processing 
of local syntactic dependencies derived from sequential input, whereas 
Broca’s area (BA 44/45) is more strongly involved in the processing of 
syntactic hierarchies at more abstract levels (see Friederici et al., 2006; 
Friederici, 2004). Based on our results, it is not possible to determine 
whether the grammar-specific cluster of the SMA (BA6) we identified 
reflects sensitivity to linguistic meaning or instead supports higher-order 
cognitive processes that are required for grammatical but not arithmetic 
processing. This question is further complicated by the fact that a 
different region of the SMA (BA 6) also emerged as part of the 
domain-general convergence network for grammar and arithmetic, 
suggesting functional heterogeneity within this region.

Finally, the smallest grammar-specific cluster, located in the Wer
nicke’s area (BA 21; BA 22), is most plausibly interpreted as reflecting 
sensitivity to linguistic meaning. More specifically, previous studies (e. 
g., Fedorenko, et al., 2012; Shain et al., 2024) that examine the relative 
contributions of syntax and semantics within the language network 
found that grammar processing with and without lexical meaning 
(sentences vs. Jabberwockies) is present across many regions of the 
language network. However, the sensitivity to syntactic processing in 
the absence of meaning is weakest in the anterior STG and dorsal MTG 
compared to the other parts of the language network.

4.3. Brain regions more involved in arithmetic than grammatical 
processing

The contrast between arithmetic and grammatical processing 
revealed nine clusters that were selectively engaged during arithmetic 
processing. Specifically, two large clusters were identified in the right 
(BA 7; BA 40) and in the left IPS (BA 7; BA 19; BA 39). Furthermore, we 
found seven much smaller clusters distributed over both hemispheres. 
These clusters included the left and right Insula (BA 13), but also further 
parts of the left frontal gyrus (BA 6; BA 32; BA 24) and the left dorso
lateral prefrontal cortex (BA 9).

The prominent bilateral involvement of the IPS is consistent with a 
large body of evidence identifying this region as a core substrate of 
numerical and arithmetic processing (e.g., Dehaene et al., 2004; 

Escobar-Magariño et al., 2022; Xu and Spelke, 2000; Holloway et al., 
2010; Ansari, 2016; Matejko and Ansari, 2019; Sokolowski et al., 2017). 
Specifically, the IPS is frequently found to be activated during the 
encoding and manipulation of symbolic and non-symbolic magnitudes 
(e.g., Cohen Kadosh et al., 2007; Piazza et al., 2007; Holloway et al., 
2013; Knops, 2017; Nieder, 2025).

However, in addition to its hypothesized domain-specific role of 
magnitude processing, the IPS has also been associated with the multi
ple_demand network (for reviews see Duncan, 2010; Duncan and Owen, 
2000; Fedorenko et al., 2024; Humphreys and Tibon, 2023). Note that 
arithmetic tasks often impose substantial demands on domain-general 
cognitive resources, including working memory, executive control, 
and interference resolution. Consistent with this, we also found several 
smaller arithmetic-specific clusters that were located in other regions 
associated with the multiple-demand network, such as the dorsolateral 
prefrontal cortex, medial frontal cortex, supplementary motor area, and 
anterior insula. These regions have been implicated in attentional con
trol, task switching, updating, and working memory maintenance (for 
reviews, see Chang et al., 2013; Cowan, 2011; Rottschy et al., 2012; 
Vogel and de Smedt, 2021). Notably, visual working memory processes, 
which have been shown to play a particularly important role in arith
metic problem solving, are strongly associated with fronto-parietal 
activation patterns overlapping with those observed here (for a review 
Li et al., 2022).

The recruitment of these domain-general regions during arithmetic 
processing likely depends on task demands, problem complexity, and 
individual expertise. Developmental and expertise-related studies have 
demonstrated a fronto-parietal shift in arithmetic processing across the 
lifespan, with greater reliance on frontal control regions during early 
learning or difficult problems and increased parietal specialization with 
automatization and expertise (e.g., Artemenko, 2021; Menon, 2010; 
Zamarian et al., 2009; Vogel and de Smedt, 2021). Note that, given that 
about 30% of the arithmetic studies (but only about 10% of the grammar 
studies) included in the present meta-analysis here focused on a contrast 
involving a difference in difficulty (e.g., larger versus small problems), 
the greater involvement of brain regions from the multiple-demand 
network in arithmetic than grammatical processing may be affected by 
a confound in task difficulty rather than a specificity of arithmetic 
processing compared to grammatical processing per se.

4.4. Limitations

The present meta-analysis is subject to several limitations that should 
be considered when interpreting the findings. First, due to the small 
number of studies that examined grammatical or arithmetic processing 
in children, it was not possible to run separate conjunction analyses and 
contrast analyses on grammatical and arithmetic processing for children 
and adults. Therefore, it remains unclear whether there are develop
mental differences in the neural association and distinctions between 
grammatical and arithmetic processing. Nonetheless, our control ana
lyses indicate that the inclusion of studies involving children did not 
have a large effect on our main findings, as these were very similar when 
only adult studies were included. Given that it is unlikely that a suffi
cient number of developmental studies on grammatical processing will 
become available in the near future, further progress will depend on 
individual neuroimaging studies that directly compare grammatical and 
arithmetic processing across development within the same experimental 
framework.

Second, we were not able to perform separate analyses for different 
types of arithmetic operations or different kinds of grammar tasks, as the 
number of available studies did not allow for this. Previous studies have 
shown that arithmetic operations such as addition, subtraction, multi
plication, and division can recruit partially distinct neural networks, 
often reflecting differences in strategy use, task complexity, and exper
tise (e.g., De Smedt et al., 2011; Fehr et al., 2007; for a review see 
Arsalidou and Taylor, 2011; Menon, 2010; Rosenberg-Lee et al., 2011). 
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Similarly, different grammar tasks, such as sentence comprehension, 
grammaticality judgement, or sentence-picture matching, may differ
entially engage working memory, visual processing, or control-related 
regions (e.g., Friederici et al., 2004, 2006). Therefore, the present re
sults reflect commonalities across heterogeneous task designs rather 
than fine-grained distinctions between specific operations or task types.

Third, as pointed out earlier, about 30% of the arithmetic studies 
included in our meta-analysis focused on a manipulation difficulty, 
contrasting large to small problems. Such contrasts are known to 
robustly engage domain-general control regions, including working 
memory and executive function networks (e.g., Chang et al., 2013; 
Prado, 2018; Vogel and De Smedt, 2021). Thus, some of the 
arithmetic-specific activation observed in domain-general regions may 
reflect task-induced cognitive demands rather than arithmetic process
ing per se. Future studies examining the neural overlap and distinctions 
of grammatical and arithmetic processing should include tasks con
trolling for working memory or cognitive control to better disentangle 
shared domain-general processes from domain-specific mechanisms.

Fourth, the present meta-analysis relies on group-level activation 
coordinates, which raises general concerns about interindividual vari
ability in the precise localization of functional brain regions (e.g., 
Bijsterbosch et al., 2018; Fedorenko, 2021; Shain et al., 2024). This 
clearly places limitations on the interpretability of group-averaged 
anatomical labels such as Brodmann areas. Although our in
terpretations draw on well-characterized functional networks identified 
through individual-level localization (e.g., the language network and 
the multiple-demand network), the assignment of specific cognitive 
functions to anatomically defined clusters should nevertheless be 
approached with caution. Accordingly, the present findings should be 
understood as reflecting probabilistic convergence across studies rather 
than definitive localization of cognitive processes.

Finally, coordinate-based meta-analyses such as ALE map spatial 
convergence of activation peaks across studies (e.g., Acar et al., 2018; 
Eickhoff et al., 2016) but cannot inform about the finer-grained com
putations implemented within those regions. Even when two tasks 
reliably activate the same macroscopic region, they may recruit func
tionally distinct neuronal populations, rely on different multivariate 
activity patterns, or engage different patterns of functional connectivity 
(e.g., Engel et al., 2021; Rasero et al., 2024). The present findings should 
therefore be understood as evidence of shared spatial convergence 
rather than shared neural computations. Methods with finer functional 
resolution (e.g., multivariate pattern analysis, representational similar
ity analysis, or subject-specific functional localization) will be needed to 
determine whether the overlapping regions identified here support 
common or distinct computations across grammatical and arithmetic 
processing.

4.5. Conclusion

The present meta-analysis found a neuronal overlap between gram
matical and arithmetic processing in the left hemisphere, in particular at 
the junction between the left IFG and the left MFG, the SMA, the IPL and 
the anterior Insula. These brain regions are widely recognized as being 
part of the multiple-demand network, which supports complex cognitive 
processing across domains, including executive control, working mem
ory, and attentional regulation. The observed neural overlap is therefore 
consistent with the hypothesis that the association between grammatical 
and arithmetic skills may reflect shared demands on domain-general 
mechanisms involved in understanding, extracting, and applying com
plex rule structures. Thus, the association between grammatical and 
arithmetic skills may reflect a shared neural architecture for structured, 
rule-based cognition rather than shared linguistic representations per se. 
By contrast, classical language regions selectively distinguished gram
matical from arithmetic processing, further suggesting that arithmetic 
processing does not primarily rely on linguistic representations.
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calculation abilities in agrammatic aphasia: A pilot study. MTA Nyelvtudományi 
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