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Neuroscience of Syntax

Syntax is a system of constraints on how words can combine into phrases and sentences to create complex meanings. Languages vary in the precise nature of these constraints: For example, some languages have strict word order rules, whereas other languages allow more flexibility in the ordering of words but make heavy use of word-internal structure (e.g., prefixes and suffixes) that tell you what role each word plays in the structure of a sentence and how words go together. Knowledge of a language’s syntax allows for understanding and generating a vast number of sentences, including ones that use infrequent, unfamiliar words (e.g., Lana ate a cherimoya) or express nonsensical meanings, as in Chomsky’s famous “Colorless green ideas sleep furiously” example. In the brain, syntactic processing is supported by the language network, a left-lateralized interconnected set of frontal and temporal brain areas.




History

For many years, the idea that a single brain area was the “seat of syntax” was popular. For example, one prominent proposal placed syntactic processing in the left inferior frontal cortex, within Broca’s area ((n.d.-a); (n.d.-b)). Other proposals have interpreted the role of this frontal region as broader in scope, encompassing combinatorial processing, possibly across domains ((n.d.-c)); yet others have argued for different focal syntactic-processing centers ((n.d.-d)). Some have further argued that these “syntactic hubs” were selective for syntactic processing relative to other aspects of language processing (e.g., lexical access) ((n.d.-e) ; (n.d.-f)).




Core concepts


A distributed burden of syntactic processing across the language network

All frontal and temporal components of the language network (Figure 1; (n.d.-g)) show sensitivity to syntactic structure ((n.d.-h)) [see Neuroscience of Language]. In brain-imaging studies, comparisons between processing (reading or listening to) structured stimuli, such as phrases and sentences, and unstructured stimuli, such as lists of unconnected words, have revealed stronger responses to structured stimuli across the language network ((n.d.-i); (n.d.-j); Figure 2). Generating sentences (e.g., to describe an event) also elicits a stronger response in the language network compared to retrieving verbal labels for unrelated objects ((n.d.-k); (n.d.-l); Figure 2). Such effects are typically taken to reflect the greater combinatorial processing demands associated with sentences given that sentence comprehension and production require syntactic structure building, whereas retrieving individual words does not. Findings from other syntactic manipulations—such as investigations of nonlocal syntactic dependencies ((n.d.-m); Figure 3), syntactic violations ((n.d.-n)), and temporary syntactic ambiguity ((n.d.-o); Figure 3)—have painted a similar picture. This distributed sensitivity to syntactic structure aligns with studies of patients with aphasia, which have shown that damage to any component of the language network leads to similar kinds of syntactic comprehension deficits ((n.d.-p); (n.d.-q)). Note that although syntactic processing is distributed across multiple brain areas, these effects are spatially restricted to the language network: For example, a domain-general network that is sensitive to difficulty across diverse demanding tasks—the Multiple Demand network ((n.d.-r))—shows little to no sensitivity to syntactic complexity ((n.d.-s)).


The language network comprises left-lateralized areas in the frontal and temporal lobe, and this topography is broadly similar across individuals. Top: Sample stimuli from an extensively validated language “localizer” task based on a contrast between reading or listening to sentences versus a perceptually similar control condition that lacks linguistic structure and meaning (e.g., a sequence of nonwords, or speech played backwards) (Fedorenko et al., 2024). Bottom: A probabilistic atlas for the language network based on overlaying activation maps (obtained with fMRI) from n = 806 participants who performed a language “localizer” task (Lipkin et al., 2022). The atlas is displayed on the lateral views (left and right) of the brain; yellow areas indicate higher overlap across individuals.


All areas of the language network are strongly sensitive to the presence of syntactic structure. The language areas show stronger responses to structured stimuli, like sentences, compared to unstructured ones, like lists of words. Top: Sample stimuli from three experimental contrasts: the Sentences>Word-lists and the Jabberwocky>Nonword-lists contrasts in comprehension tasks (darker and lighter red and orange boxes), where participants read or listen to these stimuli, and the Sentences>Word-lists contrast in production tasks (darker and lighter yellow boxes), where participants produce these stimuli, as elicited with a picture-description paradigm. Bottom: Responses to structured and unstructured language stimuli in three language functional regions of interest (fROIs) (here and in Figure 3, the areas are shown in grey on the left lateral brain surface; these masks were used to define the regions of interest in individual participants; individual-level fROIs are ~10% of the total mask volume). The responses to the comprehension conditions are shown in red and orange colors (the first four bars for each fROI; the colors correspond to the color of the boxes showing sample stimuli; data from Shain, Kean et al., 2024), and the responses to the production conditions are shown in yellow colors (the last two bars for each fROI; data from Hu, Small et al., 2023).



Syntactic processing is not spatially segregated from other aspects of language processing

Syntactic-structure building appears to be deeply integrated with lexical, compositional semantic, and sublexical/phonological processing: Every component of the language network shows sensitivity to all of these aspects of linguistic structure ((n.d.-t); (n.d.-u)). These findings hold even when language processing is probed with intracranial recording approaches, characterized by high spatial and high temporal resolution ((n.d.-v)). Additional evidence comes from approaches that relate representations from artificial neural network language models [see Large Language Models] to human neural recordings from the language network: Such studies also find distributed sensitivity to phonological, lexical, syntactic, and compositional-semantic information across the network ((n.d.-w)). In other words, despite their strong sensitivity to structure, including abstract structure ((n.d.-x) ; (n.d.-y); Figure 2), no language area selectively supports syntactic processing (see also (n.d.-z) for discussions of why so-called “agrammatism” in patients with aphasia does not support the idea of a dissociable syntactic module).



Syntactic processing relies on both predictive and integratory computations

Two classes of hypotheses exist about how syntactic structures are built. According to surprisal-based accounts, comprehenders actively predict upcoming linguistic input, and structurally unexpected elements or strings are costly to process ((n.d.-aa)). Numerous brain-imaging studies have indeed observed stronger neural responses in the language areas to such unexpected elements/strings, in both traditional experimental paradigms ((n.d.-ab); (n.d.-ac); (n.d.-ad)) and naturalistic comprehension paradigms ((n.d.-ae); Figure 3). According to memory-based accounts, elements whose integration into the sentence context places a greater demand on memory resources should be costly, as in cases when nonlocal dependencies have to be formed ((n.d.-af)). Again, both controlled and naturalistic neuroimaging paradigms have provided evidence for syntactic integration costs in the language areas, even after careful controls for surprisal costs ((n.d.-ag); (n.d.-ah); Figure 3). This neural evidence for both predictive and integration processes during syntactic-structure building aligns with psycholinguistic behavioral evidence, where both surprisal and memory costs explain variance in processing times ((n.d.-ai)) [see Psycholinguistics].


All areas of the language network are strongly sensitive to syntactic complexity. The language areas show stronger responses to more syntactically complex sentences or in places of high syntactic complexity during the comprehension of naturalistic texts. Top: Sample stimuli from four contrasts: sentences with versus without a temporary syntactic ambiguity (a ‘garden path’; darker and lighter green boxes), sentences that vary in overall surprisal (darker and lighter blue boxes), and naturalistic stimuli where surprisal (darker purple box) and working memory cost (lighter purple box) vary word by word (surprisal and working memory costs are normalized between 0 and 1 and shown in shades of grey (lighter words = higher cost). Bottom: Responses to syntactic complexity in three language fROIs (same as in Figure 2). The responses are shown in colors that correspond to the color of the boxes showing sample stimuli. The data come from the following sources: ‘garden path’: unpublished data from the Fedorenko lab; for similar data, see Mason et al., 2003; surprisal: Tuckute et al., 2024; and naturalistic comprehension data: Shain et al., 2022.



Syntactic computations in language are not shared with other domains

Many domains other than language—from music, to math and logic, to social reasoning—rely on hierarchical structures. However, the brain areas that process linguistic structure are not engaged by nonlinguistic structured stimuli (see (n.d.-aj) for a review). This body of evidence, along with complementary evidence of intact reasoning abilities in individuals with severe aphasia ((n.d.-ak)), rules out hypotheses about the importance of linguistic syntactic representations in human thought.





Questions, controversies, and new developments

Although all parts of the language network exhibit strong sensitivity to syntactic structure, damage to the posterior temporal language area leads to longer-lasting linguistic deficits ((n.d.-al)). Based on evidence from aphasia, some authors argue that frontal regions support syntax production and temporal regions support syntactic comprehension ((n.d.-am)). This argument is based on the finding that damage to the left frontal lobe is more likely to result in production deficits and damage to the left temporal lobe is more likely to lead to comprehension deficits. However, aphasia studies do not disentangle high-level language areas from nearby speech articulation areas and speech perception areas, which are functionally distinct from the language network ((n.d.-an)). More work with causal approaches is needed to understand the potentially privileged role of this brain area within the language network. With respect to syntactic selectivity relative to other aspects of language, it remains possible that syntactic selectivity exists at the scale of neural populations (cf. (n.d.-ao)) or single cells, or in network-wide neural oscillations in a particular frequency band ((n.d.-ap)), but at present, no such evidence exists. Finally, although linguistic syntactic structure is processed in brain areas that are distinct from areas that process structure in other domains ((n.d.-aq)), it remains to be discovered whether the structure-building algorithms and their circuit-level implementation are similar across domains.




Broader connections

Work on syntactic processing in humans and on the neural basis of syntax connects to work on non-human animal communication systems and language evolution. Key questions include: Is language unique among animal communication systems with respect to properties like compositionality? What may be the precursors to linguistic syntax? ((n.d.-ar)). The latter question has also been fruitfully investigated with respect to first language acquisition ((n.d.-as)) and work on emergent languages ((n.d.-at)), including in iterated-learning laboratory experiments ((n.d.-au)) [see Language Acquisition]. Work on syntax has also been gaining increasing prominence in work on communicative efficiency in natural languages within the framework of information theory, with evidence accumulating for syntactic structures being optimized for efficient information transfer ((n.d.-av)). Finally, the discovery that in the human brain, syntactic structure building is deeply integrated with word meaning processing (and other aspects of language) connects to work on large language models (LLMs) in the fields of natural language processing and artificial intelligence. In modern LLMs, similar to their early precursors ((n.d.-aw)), the very same units process sublexical regularities and word meanings and build phrase and sentence representations, suggesting that a robust linguistic system can exist without spatial segregation among linguistic components that have been historically differentiated in some linguistic traditions.
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