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Abstract 43 

Both human language and tool use—two hallmark capacities of human cognition—depend on 44 

organizing discrete elements, i.e., symbols and actions, into highly constrained structured 45 

sequences to achieve a functional goal. However, the neural mechanism linking these capacities is 46 

unclear. We combined brain lesion analysis, developmental contrast, and functional neuroimaging 47 

to test whether the basal ganglia play a causal role in their shared capacity. In 100 adults with focal 48 

brain injury, damage to the putamen disrupted both sentence processing and tool use, with 49 

impairments specifically explained by reduced goal-dependent sequence integrity for both tasks. 50 

Further comparing populations with typical and deprived early language experience (congenitally 51 

deaf adults with vs. without early sign language exposure), we found that early language acquisition 52 

was associated with improved tool-use performance and strengthened putaminal responses to 53 

such goal dependency, which mediated the relationship between sentence sequence integrity and 54 

tool behavior. Together, these results identify the putamen as a key neural substrate supporting 55 

goal-dependent sequence integrity across language and action, and show how early language 56 

experience shapes this conserved control system. 57 

 58 

One-Sentence Summary 59 

Language and tool use share a putamen-based mechanism that supports goal-dependent sequence 60 

integrity, and this mechanism is strengthened by early language experience. 61 

62 
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Introduction  63 

Language and tool use are defining features of human intelligence. Although they differ in form—64 

language is symbolic composition, tool use is physical manipulation—both require the ability to 65 

assemble elements into highly structured sequences. For language, syntax combines words into 66 

structured sequences with dependencies spanning varying distances (Gibson, 1998; Hauser et al., 67 

2002; Jackendoff, 2003); skilled tool use integrates multiple objects (hand, tool, target object) and 68 

sequential motor acts (e.g., reaching, grasping, and applying force) into goal-directed behaviors 69 

constrained by the tool’s learned function and physical affordances, sometimes referred to as “tool 70 

syntax” (Martins et al., 2019; Miller et al., 2018; Pastra & Aloimonos, 2012; Roy & Arbib, 2005; 71 

Steele et al., 2012). This parallel has long led to the postulation that language and tool use may 72 

share a deep computational architecture or even an evolutionary origin (Arbib, 2011; Iriki & Taoka, 73 

2012; Stout & Chaminade, 2012; Vaesen, 2012). 74 

 75 

Behavioral and neural evidence has been reported to support this notion. Tool proficiency—not 76 

manual dexterity—predicts syntactic fluency (Brozzoli et al., 2019), and training in one domain 77 

transfers bidirectionally to the other (Py et al., 2025; Thibault et al., 2021). Relatedly, language 78 

instruction improves the fidelity of stone-tool knapping skill transmission (Cataldo et al., 2018; 79 

Lombao et al., 2017; Morgan et al., 2015). At the neural level, language and tool processing activate 80 

partially overlapping frontoparietal and basal ganglia regions (Fazio et al., 2009; Goldenberg & 81 

Randerath, 2015; Higuchi et al., 2009; Vingerhoets et al., 2013; Weiss et al., 2016). A recent study 82 

further demonstrated cross-domain neural representational similarity in the basal ganglia during 83 

tool-use planning and syntactic processing in sentence comprehension (Thibault et al., 2021), 84 

suggesting that both domains may recruit overlapping neural representations. Within language and 85 

tool processing, various roles of these regions have been discussed, including semantics, phonology 86 

and syntax for language (Bocanegra et al., 2015; Copland et al., 2021; Friederici, 2003; Friederici & 87 

Kotz, 2003; Moro et al., 2001; Tan et al., 2026; Tzourio-Mazoyer et al., 2002; Ullman, 2001), and 88 

semantic knowledge, action imitation, action planning and organization for tools (Caspers et al., 89 

2010; Choi et al., 2001; Goldenberg & Spatt, 2009; Graybiel, 1998; Johnson-Frey, 2004; Martin, 90 

2007). The overlap invites further articulation and causal tests of the neural operations shared by 91 

these capacities, more so than with other cognitive processes, and such causal tests are currently 92 

missing.  93 

 94 

Here we examine one possible intersection—the extent to which the attainment of a higher-order 95 

goal imposes constraints on a specific sequence. While many behaviors unfold sequentially, goal 96 

dependencies require choices to be selected and sequenced with respect to outcomes that are not 97 

locally available at the time of action or interpretation. For instance, it has been shown that 98 

compared with general action events, where the order of some elements is flexible, the constraints 99 

on such sequencing in sentence processing are particularly rich (Coopmans et al., 2023). In 100 

language, the broader goal of conveying an intended message with a selected syntactic structure 101 

constrains the word sequences (e.g., Bock & Levelt, 1994; Gibson, 1998; Giglio et al., 2024). This 102 

property of language sequence is also applicable to tool use. In tool use, higher-order functional 103 

goals constrain early grasp configurations and intermediate sub-actions, such that initial motor 104 
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choices are selected with respect to the biomechanical and functional requirements of the 105 

intended outcome, as opposed to local optima. A classical contrast is that grasping a pair of scissors 106 

to cut paper (functional grasp) is different from grasping it to move (Buxbaum et al., 2003; Garcea 107 

& Buxbaum, 2019; Rosenbaum et al., 1990, 2001; see Fig. 3A). Although the representational 108 

content differs across domains—linguistic dependencies are abstract and symbolic, whereas tool-109 

use dependencies are grounded in biomechanical and body–effector–object constraints—both may 110 

rely on this operation that integrates higher-order goal requirements with sequential choices over 111 

time. Quantifying the strength of such goal dependency provides a domain-general measure of 112 

sequential properties across symbolic and motor behaviors (Coopmans et al., 2023; Greenfield, 113 

1991; Greenfield & Westerman, 1978).  114 

 115 

Brain regions implicated in both language and tool processing—most notably the basal ganglia—are 116 

well positioned to support such goal-dependent sequential properties. Beyond language and tool 117 

processing, a large body of work has shown that the basal ganglia play a central role in the control 118 

of sequential behavior, including selecting among competing alternatives, gating the initiation or 119 

suppression of actions, biasing cortical processing based on task goals and expected outcomes, and 120 

learning which selections lead to successful outcomes through reinforcement signals (Alexander et 121 

al., 1986; Badre & Frank, 2012; Bamford et al., 2018; Chatham & Badre, 2015; Frank et al., 2001; 122 

Frank & Badre, 2012; Graybiel, 1998; Jin et al., 2014; Jin & Costa, 2010, 2015; O’Reilly & Frank, 123 

2006; Soni & Frank, 2025; Yang et al., 2025). Through recurrent interactions with cortical regions 124 

that encode domain-specific representational content, cortico–basal ganglia circuits may therefore 125 

contribute to regulating goal-directed sequencing, which is particularly heavily constrained in 126 

sentence and tool actions. 127 

To test these ideas, we combined causal, developmental, and functional approaches (Fig. 1). In 128 

Study 1, we used voxel-based lesion–symptom mapping in adults with focal brain injury to identify 129 

regions that are jointly necessary for sentence processing and tool use. We examined whether their 130 

lesion–behavioral convergence was specifically explained by impairments in processing sequence 131 

structures across both domains, after controlling for other domain-specific processes (lexical 132 

semantics, action imitation) and other potentially shared components (working memory capacity 133 

and broader action semantics). Study 2 leveraged early language deprivation as a developmental 134 

causality study within a congenitally deaf population, contrasting individuals with and without early 135 

access to natural language (Mayberry et al., 2002, 2011; Newport, 1990; Wang et al., 2023), to test 136 

whether early linguistic experience calibrates the neural encoding of goal-dependent sequencing 137 

during tool processing. 138 

Together, these studies move beyond correlational overlap to reveal a causal, domain-general 139 

neural computation for goal dependency processing in language and tool use, and show how a 140 

conserved sequencing circuit across symbolic and motor domains—tuned through early language 141 

acquisition—supports the uniquely human capacity to build goal-directed structure from serial 142 

experience. 143 

 144 
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Results 145 

We implemented a stepwise analytical strategy across two studies to examine goal dependency in 146 

language and tool use. In Study 1, we first isolated the structured sequence component of both 147 

domains by controlling for other processes relevant to the tasks. Using these residualized 148 

behavioral indices, whole-brain voxel-based lesion–symptom mapping (VLSM) revealed overlapping 149 

lesion–deficit associations that localized a shared neural substrate. Within this substrate, we then 150 

quantified the goal-dependent sequence integrity in each domain. In language, it was indexed by 151 

sensitivity to goal-dependent syntactic constraints as reflected in the proportion of syntactically 152 

well-formed sentences, whereas in tool use it was indexed by goal-dependent grasp organization. 153 

We then tested whether these deficits exhibited voxel-wise pattern alignment within the shared 154 

substrate. In Study 2, we probed the neural mechanisms supporting goal-dependency by 155 

parametrically modeling the object-specific goal-dependency strength in brain activities elicited 156 

while viewing pictures of objects. This allowed us to assess how early language experience shapes 157 

tool behavioral performance, neural encoding of goal-dependency, and whether the latter 158 

mediates the effect of early language experience on tool-use behavior. 159 

Causal necessity of the shared neural substrate of the language and tool-use sequence 160 

We first tested whether language and tool use rely on shared neural substrates by performing 161 

VLSM in 100 brain-injured patients (Fig. 1, left panel; Fig. 2A, lesion overlay map). Language 162 

performance was indexed by sentence comprehension accuracy on a standardized picture–163 

sentence matching task, and tool use was indexed by expert-rated correctness of functional 164 

demonstrations across a set of common household tools. Patients were impaired in both sentence 165 

comprehension (t(141) = –5.74, p < 0.001, d = –0.86) and tool use (t(141) = –11.43, p < 0.001, d = –166 

1.68), compared to 43 demographically matched healthy controls. Within the patient group, 167 

performance across the two domains was strongly correlated (r = 0.53, p < 0.001; Fig. S1A), 168 

suggesting the shared vulnerability of linguistic and technical abilities. 169 

To isolate sequential components from domain-specific demands in language and tool use, we 170 

applied domain-tailored controls in each domain. Given that sentence comprehension integrates 171 

both lexical semantics and sentence-level structure building (word combinations), we isolated the 172 

structured sequence component by regressing out word-level semantic performance measured 173 

with a visual word–picture verification task using non-tool categories. Because tool manipulation 174 

inherently involves motor execution, we explicitly separated functional-goal-directed structure 175 

formation from peripheral motor ability measured with an imitation task involving non-tool actions. 176 

The resulting residualized indices capture the language and tool-use sequences (Fig. 2B), reflecting 177 

the combination of discrete elements into a structured sequence. Even after lexical-semantic and 178 

motor contributions are removed, the language and tool-use sequences remained correlated 179 

(partial r = 0.32, p < 0.001; Fig. S1B), indicating a higher-order behavioral link grounded in 180 

sequential rather than domain-specific, non-sequential semantic or motoric processes. 181 
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Whole-brain VLSM revealed overlapping lesion–deficit associations for indices of the language 182 

sequence and tool-use sequence in 11 regions of the left hemisphere, including the putamen and 183 

precentral gyrus, which were subsequently examined as independent regions of interest (ROIs) in 184 

further analyses (FDR q < 0.05; Fig. 2B; Table 1; see also Fig. S1C for similar patterns in the raw 185 

measures of sentence comprehension and tool use).  186 

Shared putaminal lesion patterns underlie goal-dependent impairments in language and tool use  187 

To identify a shared organizing computation beyond the mere presence of sequences, we 188 

quantified goal dependency—the extent to which the constituent elements within a sequence are 189 

selected and structured according to the requirements of the intended outcome—across the two 190 

domains (Fig. 3A). In language, goal dependency was indexed by the proportion of well-formed 191 

sentences produced in the picture-description task, as structurally well-formed sentences 192 

necessarily preserve the goal-directed syntactic dependency constraints required for sentence 193 

construction, irrespective of semantic accuracy or lexical appropriateness (Ash et al., 2013; Harris et 194 

al., 2019; Rochon et al., 2000). In tool use, it was indexed by the expert-rated accuracy of functional 195 

tool grasp in the tool-use task, which captured whether the initial grasp configuration was selected 196 

according to the functional (goal) requirements rather than the morphological affordances of the 197 

tool alone. These behavioral indices of goal dependency correlated across patients (r = 0.38, p < 198 

0.001). Lesion proportion within ten out of eleven VLSM-defined overlapping left-lateralized 199 

regions, notably the putamen and precentral gyrus, predicted the severity of the deficit in goal 200 

dependency measures in both language and tool use (FDR ps < 0.01; Fig. S2B). 201 

As regional overlap could reflect functionally distinct but spatially adjacent subregions, we 202 

examined cross-domain voxel-wise lesion-pattern similarity (i.e., multi-voxel pattern analysis of 203 

lesion effects, MVPA; Fig. 3B). VLSM-t maps associated with language- and tool-related goal-204 

dependency deficits were spatially aligned in four regions, especially the putamen (r = 0.39, p < 205 

0.001) and precentral gyrus (r = 0.60, p < 0.001). We further considered potential variables that are 206 

broadly shared across tasks and yet are not specific to these two domains: both language and tool-207 

use tasks require the maintenance of sequential elements in working memory space; sentential 208 

stimuli often entail verbs related to actions that are also implicated in tool tasks. We thus tested 209 

whether the observed pattern similarity could be accounted for by working-memory capacity, 210 

action verb production (measured in the Cookie Theft task), or additionally by similar lesion 211 

distributions. These associations persisted only in the putamen and the precentral gyrus after 212 

controlling for working-memory capacity, action semantics, and lesion distribution (rs > 0.53; FDR 213 

ps < 0.001; Fig. 3C).  214 

Specifically, patients with similar lesion patterns in the putamen or precentral gyrus showed 215 

parallel difficulties in constructing dependency relations across words in sentences and across 216 

action components in tool use. Although both regions contributed to performance in the current 217 

lesion analyses, only the putamen showed cross-study voxel-wise correspondence with the 218 

functional data (see below; Fig. S5). Together with the prior exclusion of domain-specific factors in 219 

the VLSM analyses (lexical semantics and action imitation), this pattern indicates that the shared 220 
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neural architecture cannot be explained by shared non-structural, goal-independent influences, 221 

lesion distribution, or domain-specific factors, but instead reflects shared goal-dependency-based 222 

structure-building demands.  223 

Early language experience modulates tool-use behavior 224 

Having established the causal necessity of the putamen for goal dependency processing across the 225 

language and tool domains in Study 1, we next asked whether early language experience 226 

developmentally shapes tool-use behavior in Study 2. We examined 40 congenitally deaf signers 227 

comprising two groups differing in the age of first language (sign language) exposure (Fig. 1, right 228 

panel; “native” signers exposed from birth; “delayed” signers exposed from a mean age of 7.42 229 

years), with sex, age, education, and nonverbal intelligence quotient (IQ) well matched between 230 

groups (ps > 0.20). Tool use was indexed by the expert-rated correctness of goal-directed 231 

demonstrations, which were assessed using the same standardized procedure and scoring criteria 232 

as in Study 1 and applied to an expanded set of everyday tools. “Native” signers outperformed 233 

“delayed” signers on tool-use proficiency (t(38) = 2.87, p = 0.007, d = 0.93; Fig. 4A).  234 

This advantage cannot be attributed to sign-language–related manual experience: although delayed 235 

signers had more such experience than the healthy controls in Study 1, they did not exceed these 236 

controls on the tool-use items common to both studies (t(65) = −2.60, p = 0.013, d = 0.69).  237 

In parallel with the native–delayed group distinction in early language experience, their current 238 

syntactic competence was indexed by the expert-rated correctness of word-order in a sign-239 

language Cookie Theft picture-description task. Across participants in Study 2, tool-use scores 240 

positively correlated with sign-language syntactic competence (r = 0.38, p = 0.03; Fig. 4B) but not 241 

with reading accuracy reflecting basic literacy skills (r = 0; Fig. S4). Together, these results indicate 242 

that early language experience, rather than manual experience or general literacy, supports the 243 

development of tool-use behavior.  244 

Putaminal encoding of goal dependency 245 

We conducted parametric-modulation analyses to establish the role of the putamen in encoding 246 

goal dependency during tool cognition, which provided the basis for testing whether early linguistic 247 

experience modulates this encoding. These analyses quantified voxel-wise sensitivity to goal 248 

dependency from the fMRI responses to 95 pictures of objects (Fig. 4C). Although the participants 249 

did not perform an explicit tool use task in the scanner, viewing pictures of tools has been shown to 250 

automatically elicit brain activity underlying manipulation and functional knowledge representation 251 

of tools (Chao & Martin, 2000; Lewis, 2006). Accordingly, we interpret the present effects as 252 

reflecting the encoding of goal-dependent tool knowledge rather than online tool execution. The 253 

general linear model (GLM) included goal-dependency strength as the parametric modulator of 254 

interest, quantifying the degree to which action elements are organized into goal-dependency-255 

structured representations. To control for potential confounds in picture viewing, the GLM 256 

additionally included the element number (indexing the working-memory load, associated with the 257 
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number of action elements an object typically engages) and pixel number (indexing low-level visual 258 

complexity) as control modulators (distributions shown in Fig. 4D), with no detectable collinearity 259 

(Table S2). Orthogonalization was disabled to ensure that the observed effects of goal-dependency 260 

strength were not driven by order-dependent variance allocation among modulators. The goal-261 

dependency strength and element number were obtained from independent behavioral ratings (N 262 

= 30 per measure), both of which showed high inter-rater reliability (ICCs > 0.9), whereas pixel 263 

number was computed from binarized object masks. Analyses focused on patient-derived ROIs 264 

(from Study 1) in the putamen and precentral gyrus. 265 

Only the left putamen showed significant positive modulation (β) by the goal-dependency strength 266 

of objects (t(34) = 3.84, p = 0.001, d = 0.65; Fig. 4E); no significant effect was observed in the 267 

precentral gyrus (p = 0.50, Fig. 4E). The ROI analysis confirmed stronger encoding of the goal-268 

dependency strength than element number in the left putamen (t(34) = 2.4, p = 0.02, d = 0.58). 269 

These results further identify the putamen as a critical site involved in encoding the goal-270 

dependency structure beyond the working-memory load or visual complexity of the pictures. 271 

Voxel-wise correlation between Study 2’s functional β-map for goal-dependency encoding and 272 

Study 1’s lesion–symptom t-map for tool’s goal-dependency measure revealed a convergent spatial 273 

organization in the left putamen (r = 0.69, p < 0.001; Fig. S5), confirming the cross-method 274 

convergence of goal-dependency-structured representations. 275 

Putaminal encoding mediates the syntax–tool interaction 276 

Early syntactic experience selectively enhanced goal-dependency encoding in the left putamen 277 

(native vs. delayed signers: t(33) = 2.82, p = 0.008; Fig. 4F). We also examined all other goal-278 

dependency-sensitive regions identified at the whole-brain level (Fig. S6A). No significant 279 

differences between native and delayed signers were observed in any region outside the left 280 

putamen (ps > 0.18; Fig. S6B), indicating a putamen-specific effect. Across all the signers, syntactic 281 

competence significantly correlated with the strength of putaminal goal-dependency encoding (r = 282 

0.41, p = 0.02; Fig. 4G), whereas reading accuracy did not (p = 0.98; Fig. S7B). Putaminal goal-283 

dependency encoding, in turn, predicted tool-use performance (r = 0.42, p = 0.01; Fig. S7A). The left 284 

putamen thus may serve as the interface where linguistic experience tunes dependency-structured 285 

representations relevant for tool cognition. 286 

A structural-equation model corroborated this mediation (Fig. 4H; controlling for age, sex, reading 287 

accuracy, and nonverbal IQ): syntax predicted putaminal goal-dependency encoding (β = 0.46, p = 288 

0.004), which in turn predicted tool-use performance (β = 0.35, p = 0.03), while the direct syntax–289 

tool path became nonsignificant (β = 0.26, p = 0.12). The indirect effect (β = 0.16) accounted for 290 

38.2% of the total association between syntax and tool use and was significant based on bias-291 

corrected bootstrap analyses (5,000 resamples; 95% confidence interval [CI] = [0.01, 0.48]). 292 

Although a mediation analysis alone cannot establish temporal causality, the observed pattern 293 

supports a developmental account in which early syntactic competence enhances adult tool 294 

cognition through its effect on putaminal encoding of goal dependency. 295 
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Discussion  296 

Across convergent methods—lesion mapping, developmental contrasts, and functional 297 

neuroimaging—we identify the putamen as a critical locus involved in regulating goal-dependent 298 

sequencing in both language and tool use (Fig. 5). Damage to this region selectively impairs the 299 

sequence structures during syntactic comprehension and functional tool use. Putaminal activity 300 

tracks the strength of goal-dependency, and its encoding mediates the influence of syntactic 301 

competence on tool-use performance. Together, these findings support a domain-general neural 302 

mechanism that regulates how serial events are organized to achieve anticipated outcomes, linking 303 

symbolic and action-based cognition through a shared control operation rather than shared 304 

representational content. 305 

 306 

Goal-dependent sequences are central to both language and tool use because they allow 307 

sequences to be organized and guided by distal outcomes that are not locally available at the time 308 

of early decisions, enabling abstract goals to constrain the selection and ordering of intermediate 309 

elements. This operation is unnecessary for simple reactive or habitual sequences, and is more 310 

relaxed in larger-scale action events, where different orderings of some intermediate elements can 311 

be treated as equivalent, but is particularly essential in forming sentences and tool-use action 312 

sequences (Coopmans et al., 2023; Greenfield & Westerman, 1978). By isolating this property, we 313 

identify a minimal computational demand that distinguishes language and tool use from broader 314 

types of sequential behavior. 315 

 316 

Previous studies have reported overlapping activations for language and tool use in frontoparietal 317 

and basal ganglia networks, as well as cross-domain representational similarity during tool planning 318 

and syntactic processing (Higuchi et al., 2009; Thibault et al., 2021; Wen et al., 2024). However, 319 

these findings were correlational and did not identify the specific computational property 320 

underlying the observed overlap. By combining voxel-based lesion–symptom mapping with an 321 

explicitly specified, quantitative measure of goal-dependency, we demonstrate that lesions 322 

involving the putamen predict deficits in processing goal dependencies across both domains. This 323 

convergence is not explained by lexical semantics, motor execution, imitation, or working memory 324 

capacity, but instead reflects a shared operation that integrates future goal requirements into 325 

ongoing sequential choices. 326 

 327 

We interpret the putamen as a key subcortical node within cortico–basal ganglia control loops that 328 

regulate the selection, maintenance, and updating of structured representations over time (Frank 329 

et al., 2001; Hazy et al., 2007; O’Reilly & Frank, 2006). Basal ganglia circuits are well established as 330 

mediators of sequential control through dopaminergic modulation and recurrent interactions with 331 

the cortex, supporting the stabilization of task-relevant information and the gating of alternative 332 

actions or representations (Alexander et al., 1986; Graybiel, 1998; Haber, 2016; Jin et al., 2014; 333 

Nicola et al., 2000). Deciding when to maintain, update, or release a dependency—an operation 334 

extensively characterized in motor sequence learning (Jin et al., 2014; Jin & Costa, 2010, 2015; Yang 335 

et al., 2025)—may generalize to syntactic and tool-related cognition without requiring the basal 336 
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ganglia to encode domain-specific content. Instead, cortical regions provide representational 337 

specificity (words, gestures, and tool functions), while putamen-centered circuits regulate goal-338 

dependency over these representations in a domain-general manner (Collins & Frank, 2013; Kaas & 339 

Stepniewska, 2023; Seger, 2008; Ullman, 2001, 2004). 340 

 341 

Evidence from congenitally deaf adults further indicates that this goal-dependency regulation, 342 

while rooted in evolutionarily conserved sequencing circuitry, depends on early linguistic 343 

experience for full developmental calibration. Native signers—who were exposed to structured 344 

language from birth—outperformed delayed signers in tool-use tasks requiring goal-dependency 345 

integration and showed stronger putaminal sensitivity to goal-dependency strength. It is important 346 

to note that this advantage is not attributable to signing per se, as delayed signers, despite having 347 

richer signing experience than hearing controls assessed in Study 1, showed degraded tool-use 348 

performance. Mediation analyses indicated that syntactic competence influenced tool-use 349 

performance through its effect on putaminal encoding, suggesting that early language acquisition 350 

scaffolds the tuning of cortico–basal ganglia control mechanisms. Whether extended experience 351 

with tool use or other forms of complex action planning can similarly calibrate this system during 352 

development remains an open question. 353 

 354 

These findings refine earlier proposals of a shared “grammar of action and language” (Coopmans et 355 

al., 2023; Greenfield, 1991; Greenfield & Westerman, 1978; Moro, 2014; Pastra & Aloimonos, 2012; 356 

Pulvermüller, 2014; Rizzolatti & Arbib, 1998; Thibault et al., 2021) by identifying a specific, 357 

quantifiable computational operation that unites the two domains. By isolating goal-dependency as 358 

a formal variable, we show that the putamen is a critical subcortical structure supporting linguistic 359 

and tool-use contexts. The conserved sequencing mechanisms of basal ganglia—linking sequential 360 

events into predictive units (Jin & Costa, 2010; Yang et al., 2025)—thus provide a substrate for goal-361 

dependent sequence regulation that, in humans, is shaped and stabilized through language 362 

experience. Through evolutionary reuse and developmental calibration, this mechanism may 363 

underlie the human capacity to construct complex structures from serial experience, whether 364 

symbolic or motoric. 365 

 366 

Methods 367 

Study 1 368 

Participants 369 

The behavioral and neuroimaging data analyzed in Study 1 were collected from individuals with 370 

acquired brain damage and healthy controls, drawn from a large cohort established by our group 371 

(Bi et al., 2015; Fang et al., 2018; Han et al., 2013). A total of 100 brain-injured patients (20 females 372 

and 80 males), who were recruited from the China Rehabilitation Research Center, underwent 373 

structural MRI and completed behavioral assessments of the current study. The patient group had a 374 

mean age of 45.71 years (SD = 13.49, range = 19–76) and a mean educational attainment of 12.89 375 

years (SD = 3.52, range = 2–22). The inclusion criteria were as follows: no history of prior brain 376 

injury; no comorbid neurological or psychiatric conditions (e.g., alcohol dependence or major 377 
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depressive disorder); at least one-month post-onset (mean = 6 months, SD = 11, range = 1–85); and 378 

able to follow task instructions. Among these 100 patients, 54 had ischemic stroke, 30 had 379 

hemorrhagic stroke, 15 sustained traumatic brain injury, and 1 had toxic brain injury. The control 380 

group consisted of 43 healthy adults (18 females and 25 males) with no history of psychiatric or 381 

neurological disease. The controls had a mean age of 50.23 years (SD = 10.63, range = 26–72) and a 382 

mean of 13.79 years of education (SD = 3.70, range = 9–22).  383 

 384 

The patient and control groups were comparable on key demographic variables, including age (t(141) 385 

= −1.95, p = 0.06, Cohen’s d = 0.36) and years of education (t(141) = −1.38, p = 0.17, Cohen’s d = 386 

0.25). In contrast, and as expected, patients showed a significantly lower general cognitive status as 387 

indexed by the total score on the Chinese version of Mini-Mental State Examination (MMSE; 388 

Folstein et al., 1975) (Mpatients = 21.77, SD = 7.77, Mcontrols = 28.70, SD = 1.12, t(141) = −8.71, p < 0.001, 389 

Cohen’s d = −1.25). 390 

 391 

All participants were native Chinese speakers and had provided written informed consent for their 392 

participation. All procedures were approved by the Institutional Review Board of the State Key 393 

Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.  394 

 395 

Behavioral measurements of language and tool-use sequence  396 

Sentence comprehension task  397 

All the participants completed a sentence-picture matching task. In each trial, participants listened 398 

to a simple, complete spoken Mandarin sentence presented by the experimenter, while 399 

simultaneously viewing a sheet of paper displaying two vertically arranged pictures. One picture 400 

correctly depicted the content of the sentence, whereas the other was semantically incongruent. 401 

The participants were instructed to identify which picture matched the meaning of the sentence by 402 

pointing or giving a verbal response. The task included eight sentences, with the sentence order 403 

fixed across participants. The task accuracy was used for further analyses.  404 

 405 

Tool use task  406 

All the participants completed a tool-use task. In each trial, the experimenter handed a tool to the 407 

participant, who was asked to demonstrate its typical real-world use. Ten common household tools 408 

were included. All the sessions were video-recorded using a Canon digital camera for subsequent 409 

offline scoring (total duration: 12.4 h; patients: 9.51 h; controls: 2.92 h). 410 

 411 

Two trained raters, who were blinded to the hypotheses of this study, independently evaluated the 412 

correctness of each demonstration using a 7-point Likert scale (1 = completely incorrect, 7 = 413 

completely correct), following a detailed operationalized scoring manual adapted from our previous 414 

study (Bi et al., 2015). The item-specific criteria are provided in Supplementary Table S1. The tool-415 

use performance of each participant was quantified as the averaged ratings across raters and items. 416 

Inter-rater reliability was high across participants (r = 0.87, p < 0.001). 417 

 418 

Control tasks 419 
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We evaluated participants’ performance in the following two non-sequence control tasks, which 420 

were later regressed out from sentence comprehension and tool-use measurements, respectively, 421 

to target sequence processing in language and tool use.  422 

 423 

Word–picture verification. This task was to evaluate word-level semantic processing, a non-424 

sequence component of the sentence comprehension task. In each trial, a word was presented at 425 

the top of the computer screen with a picture displayed below. Participants judged whether the 426 

word and picture referred to the same object or concept. Thirty non-tool word-picture pairs were 427 

included: 10 animals, 10 fruits and vegetables, and 10 faces. Performance was scored as the 428 

number of correct responses (range: 0–30).  429 

 430 

Non-tool action imitation. This task involved non-tool-related intransitive actions and was used to 431 

quantify the impairment in producing actions in general. Participants were asked to view and 432 

imitate ten actions presented in ten short videos. All imitation sessions were video-recorded for 433 

subsequent offline scoring (total duration: 17.2 h; patients: 12.95 h; controls: 4.21 h). The two 434 

trained raters that scored tool use, who were blind to the hypotheses of this study, independently 435 

scored each imitation. Scores were assigned on a 7-point Likert scale based on similarity to the 436 

model action, following the same rating procedures used for the tool-use task. Operational scoring 437 

criteria for each action are provided in Supplementary Table S1. Inter-rater reliability was excellent 438 

(r = 0.91, p < 0.001).  439 

 440 

Behavioral measurements of goal dependency in language and tool use 441 

Goal dependency in language 442 

Goal dependency in language was quantified here as individuals’ ability to produce syntactically 443 

well-formed sentences in the Cookie Theft picture oral description task from the Boston Diagnostic 444 

Aphasia Examination (Goodglass et al., 2001). Recordings from seven patients were unavailable, 445 

leaving 93 patients for analysis. Speech was audio-recorded using a Sony digital recorder for 446 

subsequent transcription (total duration: 8.54 h; patients: 7.32 h; controls: 1.22 h). Two trained 447 

researchers transcribed all recordings verbatim, with ambiguous syllables rendered in pinyin. 448 

Because patients’ speech was often fragmented, the two researchers manually segmented the 449 

transcripts into sentences, defining each semantically complete unit as a single sentence. All 450 

segmentation decisions were resolved by consensus. Each sentence was then manually evaluated 451 

for syntactic completeness, with well-formed sentences scored as 1 and others as 0. The evaluation 452 

was restricted to sentence-level syntactic structure, without regard to semantic accuracy or lexical 453 

appropriateness. For each participant, the proportion of well-formed sentences was calculated and 454 

used as the behavioral index of goal dependency in language.  455 

 456 

To validate this manual metric, we computed an automated, computational syntactic complexity 457 

index based on three incremental parsing strategies—top-down, bottom-up, and left-corner 458 

parsing (Bird et al., 2009). The analytical pipeline included Chinese word segmentation using Jieba 459 

(https://github.com/fxsjy/jieba) and syntactic parsing using the Stanford Parser in Penn Treebank 460 

style (Klein & Manning, 2003; https://nlp.stanford.edu/software/lex-parser.shtml). For each parsing 461 
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strategy, the number of parsing operations required to build a full parse was counted per sentence 462 

and then averaged across sentences for each participant. This complexity index was strongly 463 

positively correlated with the proportion of well-formed sentences (r = 0.57, p < 0.001; Fig. S2A), 464 

supporting the validity of the manual, structure-based syntactic measure.  465 

 466 

Goal dependency in tool use 467 

Goal dependency in tool use was quantified by grasp behavior in the tool-use task, as the initial 468 

grasp is constrained by higher-order functional goal in successful tool use (Buxbaum et al., 2003; 469 

Garcea & Buxbaum, 2019; Rosenbaum et al., 1990, 2001). The scoring rubric for functional tool 470 

grasp was adapted from the grasp-related criteria in the standardized tool-use manual 471 

(Supplementary Table S1). To ensure that this index was not driven by generalized motor 472 

impairment, two complementary dimensions were scored: morphological tool grasp, which 473 

measured the extent to which the grip conformed to the tool’s physical form, and tool movement, 474 

which assessed whether the manipulation phase matched canonical usage. All three dimensions 475 

(functional tool grasp, morphological tool grasp, and tool movement) were scored on the same 7-476 

point scale by two independent raters. Four tools—chopsticks, scissors, broom, and folding fan—477 

were selected for these ratings, considering that they are operated unimanually and do not involve 478 

complex bimanual coordination, allowing quantification of functional grasp versus morphological 479 

grasp in a well-defined tool use sequence while minimizing interference from peripheral motor 480 

impairments, particularly in patients with unilateral hemiplegia. The inter-rater reliability was high 481 

for each measure (rs > 0.85, ps < 0.001) and rating scores of each measure were averaged across 482 

raters and then across tools. Patients with scores ≤ 5 on any of the three dimensions were classified 483 

as failing the motor-screening criterion and excluded, leaving 88 patients for analyses. 484 

 485 

Control behavioral measurements  486 

To rule out the effects of potential variables that are broadly shared across language and tool use 487 

tasks and yet are not specific to these two domains, we considered the following two control 488 

behavioral measurements as covariates in the partial correlation analyses testing voxel-wise 489 

pattern similarity of goal dependency in language and tool use (Fig. S3). 490 

  491 

Verbal working memory capacity. As both language and tool use tasks require maintaining 492 

sequential elements in working memory space, to rule out the possibility that the observed voxel-493 

wise pattern similarity between the two domains was attributed to domain-general working-494 

memory capacity rather than goal dependency per se, we obtained all participants’ performance of 495 

word repetition with two load levels. In the low-load condition, participants heard a single common 496 

two-character Chinese word and repeated it aloud immediately; two trials were administered, 497 

yielding a total score ranging from 0 to 2. In the high-load condition, participants heard a sequence 498 

of three common two-character Chinese words, completed an unrelated distractor task, and then 499 

attempted to recall all three words; performance was scored as the number of correctly recalled 500 

words (0–3). To obtain a measure of working-memory capacity independent of basic perceptual or 501 

articulatory ability, we computed the participant-level residual from regressing high-load scores on 502 

low-load scores.  503 
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 504 

Action semantics. Considering that sentential stimuli often entail verbs related to actions that are 505 

also implicated in tool tasks, to rule out the possibility that the observed voxel-wise pattern 506 

similarity between language and tool-use goal dependency was driven by action-semantic 507 

processing, we derived an action-semantics index from the speech transcripts of the Cookie Theft 508 

description task. Two trained researchers annotated all produced verbs as action verbs or non–509 

action verbs following standard Chinese lexical-semantic classifications of Modern Mandarin 510 

Chinese (Huang & Liao, 2017), resolving discrepancies through discussion. For each participant, the 511 

action-semantics score was computed as, for each sentence, the number of action verbs divided by 512 

the total number of words in that sentence, and then averaged across all sentences produced by 513 

the participant.  514 

  515 

Structural MRI acquisition and preprocessing 516 

Structural MRI data for the brain-injured patients were acquired at the China Rehabilitation 517 

Research Center using a 1.5 T GE Signa Excite scanner (GE Healthcare, Milwaukee, WI, USA). High-518 

resolution T1-weighted images were acquired in the sagittal plane using a 3D acquisition sequence 519 

with the following parameters: matrix = 512 × 512; voxel size = 0.49 × 0.49 × 0.70 mm³; field of view 520 

(FOV) = 25 cm; repetition time (TR) = 12.26 ms; echo time (TE) = 4.2 ms; flip angle = 15°; bandwidth 521 

= 11.9 Hz/pixel; inversion time (TI) = 400 ms; 248 slices. Each participant underwent two T1 scans, 522 

which were subsequently aligned and averaged to improve image quality. In addition, T2-weighted 523 

FLAIR images were acquired in the axial plane (matrix = 512 × 512; FOV = 250 × 250 mm²; voxel size 524 

= 0.49 × 0.49 × 5 mm³; TR = 8002 ms; TE = 127.57 ms; TI = 2000 ms; flip angle = 90°; 28 slices; 525 

bandwidth = 15.63 Hz/pixel; acquisition time = 4 min 48 s). FLAIR images were used solely as visual 526 

references to assist the manual lesion identification and were not included in subsequent analyses. 527 

 528 

Image preprocessing was carried out as described in previous studies (Bi et al., 2015; Han et al., 529 

2013). For each patient, the two T1-weighted structural scans were aligned and averaged using 530 

trilinear interpolation in Statistical Parametric Mapping (SPM, version 5; Wellcome Department of 531 

Imaging Neuroscience, London, UK; RRID:SCR_007037; 532 

http://www.fil.ion.ucl.ac.uk/spm/software/spm5). T2-weighted FLAIR images were co-registered to 533 

the averaged T1 image and resampled into the same native space. Lesion boundaries were 534 

manually delineated on the averaged T1 image by two trained researchers, working slice by slice 535 

with visual reference to the co-registered T2 FLAIR image. All the lesion masks were subsequently 536 

reviewed and confirmed by an experienced radiologist. Each structural image was resampled to a 537 

voxel resolution of 1 × 1 × 1 mm³ and normalized to Talairach (TAL) space using BrainVoyager QX 538 

2.0 (Brain Innovation, Maastricht, The Netherlands; RRID:SCR_013057; 539 

https://www.brainvoyager.com). Normalization was performed by manually identifying anatomical 540 

landmarks, including the anterior commissure, posterior commissure, and the most extreme 541 

anterior, posterior, superior, inferior, left, and right points of the brain. Affine transformation 542 

between the native and TAL spaces was estimated using the Advanced Normalization Tools (ANTs, 543 

version 2.3.1; RRID:SCR_004757; http://stnava.github.io/ANTs/), and applied to the lesion masks. 544 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2026. ; https://doi.org/10.64898/2026.02.06.704290doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.06.704290
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

Finally, all lesion masks were transformed into the Montreal Neurological Institute (MNI) space, and 545 

all analyses and coordinates are presented in MNI space. 546 

 547 

Whole-brain VLSM analyses of language and tool-use sequence  548 

Voxel-based lesion–symptom mapping (VLSM; Bates et al., 2003) was used to identify brain regions 549 

supporting language and tool sequence. The language sequence was indexed by the standardized 550 

residuals of sentence comprehension scores after regressing out word–picture verification 551 

accuracy. The tool sequence was indexed by the standardized residuals of tool-use scores after 552 

regressing out action imitation performance. VLSM was conducted separately for each residualized 553 

measure. Total lesion volume was included as a covariate, and analyses were restricted to voxels 554 

lesioned in at least 10 patients. For each voxel, independent-samples t-tests compared behavioral 555 

performance between patients with and without damage to that voxel, yielding voxel-wise t 556 

statistics reflecting the contribution of each voxel to the behavioral measure. Positive t-values 557 

indicate worse performance in the lesioned than intact group. Resulting whole-brain t-maps were 558 

corrected using the false discovery rate (FDR, q < 0.05; Fig. 2B). To identify regions critical to both 559 

language and tool sequence, the two thresholded t-score maps were overlaid. Voxels surviving both 560 

thresholds were binarized (1 = shared, 0 = non-shared) and intersected with the Automated 561 

Anatomical Labeling atlas (AAL; Tzourio-Mazoyer et al., 2002). Shared voxels were localized to 11 562 

AAL regions in the left hemisphere, which served as regions of interest (ROIs) for further analyses. 563 

 564 

Voxel-wise pattern similarity analyses of goal dependency in language and tool use 565 

As a preliminary validation prior to voxel-wise pattern analyses, we first examined whether goal 566 

dependency in language and tool use showed convergent lesion–behavior relationships at the ROI 567 

level. For each patient, these two measures were separately correlated with lesion proportion 568 

within each of the 11 ROIs identified above. Pearson’s correlations were computed and FDR 569 

corrected across ROIs (q < 0.05). Ten ROIs exhibited significant negative correlations with both 570 

behavioral measures, motivating further fine-grained voxel-level analyses within these regions. 571 

 572 

Although overlapping univariate effects at the regional level suggest that language and tool use 573 

identify common anatomical regions, such overlap alone does not establish a shared computation, 574 

as functionally distinct but spatially adjacent subregions could drive the two effects. To test 575 

whether goal dependency in language and tool use is supported by a shared voxel-level 576 

mechanism, we assessed the spatial correspondence between voxel-wise lesion–behavior 577 

associations (i.e., MVPA of lesion effects) for the two domains. That is, we computed the voxel-wise 578 

Pearson’s correlations between the raw, unthresholded VLSM t-maps for goal dependency of 579 

language and tool use. In the VLSM framework, positive t-values indicate voxels whose damage is 580 

associated with worse behavioral performance. Accordingly, voxel-wise correlations were restricted 581 

to voxels showing positive t-values in both maps. ROIs with at least 30 voxels (six regions shown in 582 

Fig. 3B) were included in this analysis to mitigate unstable correlation estimates driven by very 583 

small voxel counts. Within each ROI, voxel-wise Pearson’s correlations were computed across 584 

voxels between the two maps (FDR corrected, q < 0.05; Fig. 3B). 585 

 586 
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For ROIs showing significant voxel-wise pattern correlations, we further conducted voxel-wise 587 

partial correlation analyses to evaluate whether the observed alignment persisted after accounting 588 

for the potentially shared processes. These analyses controlled for the VLSM t-map of working-589 

memory residuals, the VLSM t-map of the action-semantics index, and voxel-wise lesion counts 590 

(number of patients with damage to each voxel). Within each ROI, voxel-wise partial correlations 591 

were computed across voxels between the two residualized maps (FDR corrected, q < 0.05).  592 

 593 

Study 2 594 

Participants 595 

The behavioral and neuroimaging data analyzed in Study 2 were collected from 40 congenitally deaf 596 

signers with differing early language experiences: 16 “native” signers who acquired sign language 597 

from birth in deaf-parented families, and 24 “delayed” signers who were born to hearing parents 598 

and acquired their first language (sign language) later in childhood (with mean age of sign language 599 

acquisition of 7.42 years, SD = 2.06, range = 3–12). Participants were recruited through special 600 

education schools and community networks. All participants completed a background survey 601 

assessing hearing status, early language exposure, educational history, and nonverbal IQ measured 602 

using the nonverbal subtest of the Kaufman Brief Intelligence Test–Second Edition (KBIT-2; 603 

Kaufman, 2004). They had normal or corrected-to-normal vision, and reported no history of 604 

neurological or psychiatric disorders. Native signers (6 females and 10 males) had a mean age of 605 

32.63 years (SD = 6.86, range = 21–45), completed an average of 15.13 years of formal schooling 606 

(SD = 2.39, range = 9–16). Delayed signers (14 females, 10 males) had a mean age of 31.71 years 607 

(SD = 4.99, range = 22–40), completed 15.83 years of formal schooling on average (SD = 0.82, range 608 

= 12–16). The two groups did not differ in age (t(38) = 0.49, p = 0.63), sex distribution (χ²(1) = 1.67, p = 609 

0.20), years of education (t(38) = 1.14, p = 0.27), and nonverbal IQ (t(38) = 0.51, p = 0.61).   610 

 611 

All participants provided written informed consent and received monetary compensation for their 612 

participation. All procedures were approved by the Institutional Review Board of the State Key 613 

Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.  614 

 615 

Behavioral measurements 616 

Tool-use task 617 

All 40 deaf signers completed the tool-use task. The procedure was identical to that of Study 1. The 618 

current task included the same 10 tools used in Study 1, along with five additional items, resulting 619 

in a total of 15 tools. All the sessions were video-recorded using the same experimental setup as in 620 

Study 1 for subsequent offline scoring (total duration: 1.22 h). 621 

 622 

Behavioral performance was scored using the same 7-point Likert scale, scoring manual, and item-623 

level criteria as in Study 1 (Supplementary Table S1). Two independent raters, who were blind to 624 

the participants’ group status and the hypotheses of this study, scored all the items. Inter-rater 625 

reliability across participants was good (Pearson’s r = 0.73, p < 0.001). All analyses were based on 626 

the overall tool-use correctness scores averaged across raters and items. 627 

 628 
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Cookie Theft picture description task  629 

Thirty-five deaf participants (including 13 native signers and 22 delayed signers) described the 630 

Cookie Theft picture (the same stimulus used in Study 1) in sign language (1 native signer and 1 631 

delayed signer were excluded from analysis due to non-compliance with task instructions). 632 

Responses were video- and audio-recorded using a Canon camcorder for subsequent offline scoring 633 

(total duration: 1.28 h). The analysis focused on word order in sign language, a key syntactic 634 

dimension of signed utterances (Napoli & Sutton-Spence, 2014; Sandler & Lillo-Martin, 2006). 635 

Annotation and scoring procedures were carried out by three expert annotators using ELAN 636 

(version 6.6; RRID:SCR_014202), who were native deaf signers with formal linguistic training. Prior 637 

to formal annotation, the annotators jointly reviewed three example videos to establish shared 638 

criteria for sentence segmentation and then segmented the signed utterances from each 639 

participant. The resulting segmentations were jointly reviewed and reconciled through group 640 

discussion to produce a single consensus segmentation for each participant. 641 

 642 

For scoring, the same annotators again used the three example videos to standardize the 643 

interpretation of the evaluation criteria. They then independently rated each segmented sentence 644 

produced by the 33 participants on a 7-point Likert scale (1 = highly unnatural word order, 7 = 645 

highly natural, 4 = neutral), focusing exclusively on the naturalness of word-order patterns, 646 

irrespective of semantic accuracy or relevance to the picture. For each annotator, scores were 647 

averaged across sentences and then standardized (z-scored) across all participants. Each 648 

participant’s final word-order score was computed as the mean of the three annotator-specific z-649 

scores. The inter-rater reliability of the word-order ratings was good (ICC(2,3) = 0.80, 95% CI [0.64, 650 

0.89], F(32, 64) = 4.85, p < 0.001). 651 

 652 

Control behavioral measurement: Chinese sentence reading 653 

All 40 deaf participants completed a Chinese reading task, which required semantic judgments of 654 

visually presented Chinese sentences. In each trial, either a complete Chinese sentence (e.g., 655 

“Cucumbers are spherical in shape”) or a string of non-linguistic symbols (e.g., “$$$$”) was 656 

presented at the center of the screen. When a sentence was presented, participants were 657 

instructed to judge whether its meaning was semantically correct, pressing the “Y” key with their 658 

right index finger for semantically correct sentences and the “U” key with their right middle finger 659 

for incorrect sentences. When a symbol string was presented, they pressed the space bar with their 660 

right thumb. The task included 50 trials of semantically correct sentences, 50 trials of semantically 661 

incorrect sentences, and 25 trials of symbol string. Each trial began with a 1000-ms fixation cross, 662 

followed by the stimulus, which remained on the screen until a response was made. The next trial 663 

started immediately after the keypress. The response accuracy was recorded. The task was 664 

programmed and implemented using PsychoPy (version 2021.2.3; RRID:SCR_006571; 665 

https://www.psychopy.org; Peirce et al., 2019).  666 

   667 

fMRI picture sign-naming task 668 

Thirty-five out of the 40 deaf participants (13 native signers and 22 delayed signers) completed an 669 

fMRI picture sign-naming task (Fig. 4C). The remaining five participants did not undergo MRI 670 
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scanning due to contraindications (e.g., metal implants or tattoos) or time constraints. During 671 

scanning, participants were asked to produce the sign corresponding to each visually presented 672 

object picture with their left hand only to reduce motion artifacts. 673 

 674 

The stimulus set consisted of 95 colored pictures of real-world objects presented on a white 675 

background, including 63 artifact items and 32 non-artifact animal items. Artifact items primarily 676 

included common manmade tools and utensils (kitchen implements, stationery, medical 677 

instruments, and personal accessories). All pictures were collected from publicly available online 678 

sources and standardized to 400 × 400 pixels (visual angle: 10.55° × 10.55°). 679 

 680 

The task comprised six functional runs, each lasting 528 s. In each run, all 95 pictures were 681 

presented once in a pseudorandomized order. Each trial began with a 0.5-s fixation cross, followed 682 

by a 0.8-s picture presentation. Intertrial intervals varied from 2.7 to 14.7 s, with stimulus order and 683 

timing optimized using optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). Each run was 684 

preceded and followed by a 10-s blank screen. The task was programmed and presented using E-685 

Prime 2.0 (Version 2.0; Psychology Software Tools, Inc.; RRID:SCR_009567; 686 

https://pstnet.com/products/e-prime/). 687 

 688 

Functional MRI acquisition and preprocessing 689 

Functional and structural MRI data were acquired for the 35 deaf participants at the Neuroimaging 690 

Center of Beijing Normal University using a 3T Siemens Trio Tim scanner (Siemens, Erlangen, 691 

Germany). Functional images were acquired during the picture sign-naming task using a gradient-692 

echo echo-planar imaging (EPI) sequence: 33 axial slices; TR = 2000 ms; TE = 30 ms; flip angle = 90°; 693 

matrix = 64 × 64; voxel size = 3 × 3 × 3.5 mm³; interslice gap = 0.7 mm. High-resolution structural 694 

images were collected using a sagittal 3D magnetization-prepared rapid gradient echo (MPRAGE) 695 

sequence (144 slices; TR = 2530 ms; TE = 3.39 ms; flip angle = 7°; matrix = 256 × 256; voxel size = 696 

1.33 × 1 × 1.33 mm³).  697 

     698 

Task-fMRI data were preprocessed using Statistical Parametric Mapping (SPM, version 12; 699 

RRID:SCR_007037; https://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB (MathWorks; 700 

RRID:SCR_001622; https://www.mathworks.com). For each functional run, the first five volumes 701 

were discarded to allow for signal equilibrium. The functional images were corrected for slice 702 

acquisition timing and realigned to the first volume of the first run using a six-parameter rigid-body 703 

transformation. Each participant’s T1-weighted anatomical image was coregistered to the mean 704 

functional image. Normalization parameters were estimated from the T1-weighted image using 705 

unified segmentation and applied to the functional images, which were then smoothed with a 706 

Gaussian kernel of 6 mm full-width at half-maximum (FWHM). Head motion parameters were 707 

extracted during realignment, and runs exceeding 3 mm of translation or 3° of rotation were 708 

excluded. Given the rarity of congenitally deaf signer populations, motion exclusion was applied at 709 

the run level rather than at the participant level. Participants with at least four usable runs were 710 

retained for analyses. Consequently, 30 participants retained all six runs, 3 retained five runs, and 2 711 
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retained four runs, yielding a total of 202 usable runs across 35 participants for subsequent 712 

analyses. 713 

 714 

First-level parametric modulation analysis of goal dependency in tool processing 715 

To identify brain regions sensitive to goal dependency, we employed a parametric-modulation 716 

approach in which three picture-wise features—goal dependency, element number, and pixel 717 

number—were entered as parametric regressors in the fMRI General Linear Model (GLM). Goal 718 

dependency and element number were obtained through online questionnaires administered on 719 

the Credamo platform (Credamo; Beijing Yishu Mofa Technology Co., Ltd; 720 

https://www.credamo.com/), each of which was rated by a separate group of 30 participants who 721 

did not participate in the fMRI experiment. The participants evaluated each picture on a 7-point 722 

Likert scale. For goal dependency, participants were asked to judge the extent to which the sub-723 

actions required to interact with an object are interdependent and sequentially constrained (1 = 724 

very weak dependency; 7 = very strong dependency). For the element number, participants were 725 

asked to judge the number of simple sub-actions required to interact with the object (1 = very few; 726 

7 = many). Ratings were averaged across raters to yield one score of goal dependency and one 727 

score of element number per picture, both of which showed inter-rater reliability (goal 728 

dependency: ICC(2,30) = 0.96, 95% CI [0.94, 0.97], F(94, 2726) = 22.07, p < 0.001; element number: 729 

ICC(2,30) = 0.92, 95% CI [0.89, 0.94], F(94, 2726) = 11.77, p < 0.001). The pixel number was computed to 730 

control for picture visual complexity following established procedures (Fan et al., 2021). Pictures 731 

were converted to grayscale; a binary object mask was generated by thresholding all pixels with 732 

grayscale values < 240. The total pixel number within the object mask was counted as a low-level 733 

visual-complexity measure. All three features were z-scored across pictures and entered as 734 

parametric modulators. Multicollinearity among the three features was assessed in SPSS Statistics 735 

(version 26; IBM Corp.; RRID:SCR_016479; https://www.ibm.com/analytics/spss-statistics-736 

software). All variance inflation factors (VIFs) were less than 2.5, indicating no problematic 737 

collinearity (Table S2). 738 

 739 

At the individual-subject level of parametric modulation, the GLM of each participant modeled 740 

artifact (n = 63) and animal (n = 32) pictures as separate conditions, with distinct onset regressors 741 

for each. The three parametric modulators were applied only to artifact trials and were entered 742 

simultaneously with the orthogonalization disabled (SPM: orth = 0), ensuring that shared variance 743 

was not redistributed based on regressor order. Onsets were time-locked to the picture 744 

presentation and convolved with the canonical hemodynamic response function. Six head-motion 745 

parameters were included as nuisance regressors for each run, and a 128-s high-pass filter was 746 

applied. Following prior work (Fan et al., 2021), we had no a priori rationale to expect negative 747 

effects of feature load; therefore, analyses focused on positive parametric effects (feature 748 

parameter estimate > 0).  749 

 750 

Effects of language experience on the neural encoding of goal dependency 751 

Neural encoding of goal dependency was first evaluated at the ROI level, followed by whole-brain 752 

analyses. The ROIs focused on the lesion-defined left putamen and left precentral gyrus ROIs in 753 
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Study 1, as they demonstrated significant cross-domain voxel-wise lesion pattern similarity after 754 

controlling for potential confounding variables (see Results). These lesion-defined ROIs (1-mm 755 

isotropic) were resampled to the 3-mm isotropic to match the spatial resolution of the functional 756 

data in Study 2, using nearest-neighbor interpolation in DPABI (version 9.0; The R-fMRI Network; 757 

https://rfmri.org/dpabi) (Yan et al., 2016). Goal-dependency contrast (beta) estimates were then 758 

averaged across all voxels within each lesion-defined ROI for each participant. These ROI-level 759 

values were then tested against zero using one-sample t-tests across participants to evaluate 760 

whether a given ROI significantly encodes goal dependency. These values were compared between 761 

native and delayed deaf signers using two-sample t-tests (two-tailed) or correlated with the 762 

behavioral measures (e.g., the expert-rated syntactic competence, tool-use performance) using 763 

Pearson’s correlation.  764 

 765 

To assess the neural encoding of goal dependency beyond the lesion-derived ROIs, whole-brain 766 

parametric-modulation analyses were conducted across all deaf signers. Whole-brain statistical 767 

maps were thresholded using voxel-wise FDR correction of q < 0.05, with an additional cluster-768 

extent threshold of > 40 voxels. For each significant cluster, mean β values were extracted and 769 

compared between native and delayed signers using independent-sample t tests (two-tailed). 770 

 771 

Finally, to test whether the putaminal encoding of goal dependency mediated the relationship 772 

between syntactic competence and tool use, we conducted structural equation modeling (SEM). In 773 

the SEM, syntactic competence was specified as the predictor, tool-use performance as the 774 

outcome, and putaminal goal-dependency β values as the mediator. Sex, age, Chinese reading 775 

accuracy and nonverbal IQ were included as covariates predicting tool-use performance. SEM was 776 

implemented in Amos 20.0 (IBM SPSS Amos; RRID:SCR_014498; 777 

https://www.ibm.com/analytics/amos) with the full-information maximum-likelihood estimation, 778 

according to standard procedures (Arbuckle, 2011). Path coefficients are reported as standardized 779 

estimates. Model fit was evaluated using standard indices of model fit, including the root-mean-780 

square error of approximation (RMSEA). To obtain a robust test of the indirect (mediated) effect 781 

without relying on normality assumptions, bias-corrected bootstrap confidence intervals (5,000 782 

resamples) were computed. 783 
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 1075 
Figure 1. Flowchart of the current study. The schematic illustrates how the two studies jointly 1076 

investigate the neural causal mechanism—goal-dependency—that supports structured sequence 1077 

processing in both language and tool use. Study 1 uses a lesion approach, asking whether focal 1078 

damage to this substrate produces parallel disruptions in language processing and tool-use 1079 

behavior. Study 2 uses a developmental contrast, and examines whether early language deprivation 1080 

shapes this shared neural encoding of goal dependency that supports tool use. Together, these 1081 

complementary approaches provide converging evidence for a shared, causally relevant neural 1082 

mechanism underlying language and tool cognition.   1083 
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 1103 

Figure 2. Study 1: The shared neural substrate underlying language sequence and tool-use 1104 

sequence. A, Lesion overlay map for all 100 patients. The colors indicate the number of individuals 1105 

showing damage at each voxel. B, VLSM results for language sequence (top panel) and tool-use 1106 

sequence (middle panel) and their overlap (bottom panel). Residualized indices of language and 1107 

tool-use sequence were derived from sentence comprehension and tool-use performance by 1108 

regressing out word–picture verification and action imitation, respectively (voxel-wise FDR 1109 

corrected, q < 0.05). The color bars show voxel-wise t-values. Spatial overlap of the two maps with 1110 

seven major grey-matter ROIs (≥200 voxels) shown in color. The remaining four grey-matter ROIs 1111 

(<200 voxels), together with white-matter regions, are shown in black. L denotes the left 1112 

hemisphere, and R denotes the right hemisphere in all panels. 1113 
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 1119 

Figure 3. Study 1: Shared computation of goal dependency in language and tool use. A, Behavioral 1120 

manifestations and operationalization of goal dependency. Higher scores reflect the production of 1121 

well-formed sentences in Cookie Theft picture description task for language, and using functional 1122 

(goal-dependent) tool grasps for tool use. B, Raw language–tool pattern similarity of goal-1123 

dependency. Voxel-wise Pearson’s correlations between VLSM t-scores of language goal-1124 

dependency and tool goal-dependency were significant in regions including the left putamen and 1125 
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left precentral gyrus. ROIs with sufficient voxel overlap (≥ 30 voxels) were selected a priori to 1126 

ensure stable correlation estimates, resulting in the six ROIs shown here. Dots represent correlation 1127 

coefficients and bars indicate 95% confidence intervals; ***FDR-corrected p < 0.001. C, Unique 1128 

language–tool pattern similarity of goal-dependency. Voxel-wise partial correlations remained 1129 

selectively significant in the putamen and precentral gyrus after controlling for working-memory 1130 

capacity, action semantics, and lesion distribution. The scatter plots display residual VLSM t-scores 1131 

for goal-dependent sequence integrity of language and tool-use, computed after removing variance 1132 

explained by these covariates. Each dot represents a voxel; regression lines show the partial 1133 

Pearson’s correlation between language residuals and tool residuals, with shaded areas denoting 1134 

95% confidence intervals. Darker dots reflect a greater number of voxels occupying identical 1135 

residual-value coordinates. 1136 
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 1168 
Figure 4. Study 2: Early syntactic experience modulates tool-use performance through putaminal 1169 

encoding of goal dependency. A, Compared with native signers, delayed signers showed lower 1170 

tool-use performance. Each dot represents an individual deaf signer’s tool-use scores averaged 1171 

across tool items (left panel) or group mean for each tool item (right panel). B, Syntactic proficiency 1172 

was positively correlated with tool-use performance across all the deaf signers. Each dot represents 1173 

an individual deaf signer. C, Schematic of the fMRI picture-sign naming paradigm. D, Kernel density 1174 

estimates show the distributions of goal dependency, element number, and pixel number across all 1175 

artifacts, with values z-scored within each modulator. E, ROI analyses revealed significant goal-1176 

dependency encoding in the putamen but not in the precentral gyrus. Each dot represents an 1177 

individual deaf signer. F, Native signers exhibited stronger putaminal goal-dependency modulation 1178 

than delayed signers. Each dot represents an individual deaf signer. G, Putaminal goal-dependency 1179 

β values positively correlated with syntactic proficiency across all the deaf signers. Each dot 1180 

represents an individual deaf signer. H, The mediation analysis showed that the putaminal encoding 1181 

of goal dependency fully mediated the syntax–tool-use relationship.  1182 
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General note: Error bars denote ± standard errors (SEs). Red dots denote native signers exposed to 1183 

language from birth, whereas blue dots denote delayed signers exposed later in childhood (dots in 1184 

D are all shown in grey). Regression lines in B and G depict Pearson’s correlations with shaded 95% 1185 

confidence intervals. Significance: *p < 0.05, **p < 0.01 and ***p < 0.001 (two-tailed; FDR-1186 

corrected). 1187 
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 1225 

Figure 5. Summary of neural causal pathways linking language and tool use through the 1226 

putaminal encoding of goal dependency. The schematic integrates findings from both studies to 1227 

show that a shared computation—goal dependency encoded in the putamen—provides a common 1228 

neural substrate for language and tool use. In Study 1, focal lesions to the putamen produced 1229 

parallel impairments in goal-dependency of language and tool use, establishing lesion-based neural 1230 

necessity. In Study 2, deprived language experience weakens the putaminal encoding of goal 1231 

dependency and thereby reduces tool-use proficiency, revealing a developmental necessity through 1232 

which language experience shapes this neural computation and its behavioral consequences. 1233 
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Table 1. Cluster report of the whole-brain VLSM results for the language sequence, tool-use 1250 

sequence and their overlap. 1251 

 1252 

Anat. 

label 

Cluster 

size 

Maxima MNI 

coordinates 

Peak T 

value 

Anat. 

label 

Cluster 

size 

Maxima MNI 

coordinates 

Peak T 

value 

  x y z    x y z  

Language Sequence 

Cluster1 31635 −33 −31 33 7.59 Cluster2 81 −29 11 8 3.26 

WM# 17880 −33 −31 33 7.59 PUT.L# 52 −29 11 8 3.26 

INS.L 4425 −36 −21 24 5.53 WM 17 −29 12 9 3.26 

STG.L 3491 −47 −15 −5 6.36 INS.L 12 −32 10 9 2.67 

ROL.L 1938 −39 −15 17 5.06       

HES.L 924 −40 −18 9 5.08 Cluster3 74 −57 −26 −12 5.06 

SMG.L 868 −47 −39 27 5.96 MTG.L# 72 −57 −26 −12 5.06 

PoCG.L 589 −46 −20 29 5.23 WM 2 −50 −30 −10 3.64 

MTG.L 447 −48 −40 4 6.83       

PUT.L 445 −33 −5 4 4.62 Cluster4 59 −61 −10 14 2.82 

PreCG.L 262 −40 −3 29 4.01 STG.L 28 −64 −12 12 2.67 

IFGo.L 246 −40 1 24 4.01 ROL.L 13 −64 −11 12 2.67 

ANG.L 44 −40 −50 24 4.97 WM 9 −66 −13 11 2.67 

AMYG.L 40 −28 3 −14 3.53 PoCG.L# 6 −61 −10 14 2.82 

IPL.L 30 −46 −31 36 5.14 HES.L 3 −63 −11 12 2.67 

MFG.L 4 −28 35 21 2.87       

OLF.L 2 −27 7 −15 2.79 Cluster5 42 −54 −20 −8 3.19 

      MTG.L# 42 −54 −20 −8 3.19 

Tool-use Sequence 

Cluster1 28084 −28 −14 41 5.09 Cluster2 42 −53 −3 13 3.03 

WM# 19104 −28 −14 41 5.09 ROL.L# 42 −53 −3 13 3.04 

PUT.L 3093 −30 −9 7 4.18       

INS.L 2692 −34 −4 10 4.33       

PreCG.L 956 −40 −3 29 4.05       

ROL.L 481 −39 −29 13 3.57       

IFGo.L 439 −39 7 19 3.69       

STG.L 288 −39 −30 12 3.57       

PoCG.L 214 −36 −13 39 3.54       

SMG.L 203 −48 −36 30 3.42       

IFGtriang.L 167 −36 11 24 2.79       

MFG.L 164 −30 36 18 3.41       

HES.L 150 −36 −29 15 3.52       

PAL.L 59 −20 1 8 3.35       

MTG.L 33 −47 −41 8 3.57       

CAU.L 31 −21 −13 23 2.81       
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AMYG.L 10 −29 4 −17 3.06       

Overlap (Language Sequence ∩ Tool-use Sequence) 

Cluster1 13996 −31 4 −15  Cluster2 354 −45 −44 4  

WM 10593 −31 4 −15  WM 299 −45 −44 4  

INS.L 1598 −36 4 −13  MTG.L 33 −48 −44 5  

PUT.L 372 −31 −5 −7  STG.L 22 −42 −41 11  

ROL.L 360 −42 −6 10        

STG.L 249 −40 −4 −10  Cluster3 45 −28 6 5  

PreCG.L 213 −48 −1 19  PUT.L 41 −28 6 5  

IFGo.L 205 −39 11 16  WM 4 −32 7 5  

SMG.L 203 −44 −38 25        

PoCG.L 114 −49 −2 18  Cluster4 43 −22 35 14  

HES.L 87 −36 −22 5  WM 43 −22 35 14  

AMYG.L 2 −28 3 −14        

 1253 

# denotes the anatomical location of the peak voxel of the cluster. 1254 

VLSM maps for language sequence and tool-use sequence were thresholded at a voxel-wise FDR-1255 

corrected q < 0.05, and only clusters exceeding 40 voxels are reported. 1256 

Overlap clusters represent the spatial intersection of the thresholded maps of language sequence 1257 

and tool-use sequence, reflecting voxels that were jointly significant in both analyses. 1258 

L denotes the left hemisphere (e.g., INS.L). Coordinates for clusters in language sequence and tool-1259 

use sequence denote the MNI location of peak voxel of each cluster; coordinates for overlap 1260 

clusters denote the centroid of each spatially overlapping cluster. 1261 

 1262 

WM = white matter tract; INS = insula; STG = superior temporal gyrus; ROL = rolandic operculum; 1263 

HES = heschl gyrus; SMG = supramarginal gyrus; PoCG = postcentral gyrus; MTG = middle temporal 1264 

gyrus; PUT = putamen; PreCG = precentral gyrus; IFGo = inferior frontal gyrus, opercular part; ANG 1265 

= angular gyrus; AMYG = amygdala; IPL = inferior parietal, but supramarginal and angular gyri; MFG 1266 

= middle frontal gyrus; OLF = olfactory cortex; IFGtriang = inferior frontal gyrus, triangular part; PAL 1267 

= pallidum; CAU = caudate nucleus. 1268 
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 1281 

Figure S1. Study 1: Behavioral associations and lesion substrates for sentence comprehension and 1282 

tool use. A, Pearson’s correlation between raw sentence comprehension accuracy and raw tool-use 1283 

performance across brain-injured patients. Each dot represents an individual patient. B, Pearson’s 1284 

correlation between residualized sentence comprehension (language sequence) and residualized 1285 

tool-use performance (tool sequence) across brain-injured patients, obtained after regressing out 1286 

word-level semantic processing and non-tool action imitation, respectively. C, VLSM results for raw 1287 

scores of sentence comprehension (top panel) and tool use (bottom panel) (voxel-wise FDR 1288 

corrected, q < 0.05). The color bars show voxel-wise t-values. L denotes the left hemisphere, and R 1289 

denotes the right hemisphere in all panels. 1290 

 1291 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2026. ; https://doi.org/10.64898/2026.02.06.704290doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.06.704290
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 

 

 1292 

Figure S2. Behavioral distributions and lesion–behavior associations within overlapping lesion-1293 

defined ROIs. A, Distributions of behavioral indices indexing goal-dependent sequence in language 1294 

and tool use. The left panel shows the distribution of well-formed sentence production and its 1295 

validation against syntactic complexity, which was computed using three parsing schemes (top-1296 

down, left-corner, and bottom-up). The right panel shows the distribution of functional tool grasp, 1297 

computed from four tool types differing in action structure (scissors, broom, chopsticks, and folding 1298 

fan). Each dot represents an individual patient in both panels. B, ROI-wise associations between 1299 

lesion proportion and behavioral performance across the 11 overlapping lesion-defined regions. 1300 

The bars show Pearson’s r between the lesion extent and each behavioral index of goal-dependent 1301 

sequence (language is shown in green; tool is shown in orange). FDR-corrected significance: p < 1302 

0.01** and p < 0.001***, two-tailed. 1303 
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 1310 
Figure S3. Confounding covariates: distributions, and ROI-wise lesion–deficit associations. A, 1311 

Distributions of the covariates. Kernel density plots with individual dots show working-memory 1312 

capacity (left panel, light blue) and action semantics (right panel, light rose). Each dot represents an 1313 

individual patient in both panels. B, ROI-wise associations between lesion proportion and the 1314 

covariates within 11 overlap-defined ROIs. The bars show Pearson’s r values for working memory 1315 

capacity (light blue) and action semantics (light rose). Negative correlations indicate that a greater 1316 

lesion extent predicts poorer performance. FDR-corrected significance: p < 0.05* and p < 0.01**, 1317 

two-tailed. 1318 
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 1332 

Figure S4. No association between Chinese reading accuracy and tool-use performance in deaf 1333 

signers. Each dot represents an individual deaf signer (red = native; blue = delayed). The regression 1334 

line shows the fitted relationship (r = 0, p = 1), with shaded areas denoting the 95% confidence 1335 

interval. 1336 
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 1357 

Figure S5. Cross-study voxel-wise correspondence of putaminal goal-dependency encoding. 1358 

Voxel-level β values indexing artifact’s goal dependency in Study 2 were significantly correlated 1359 

with VLSM t-scores for tool-related goal dependency in Study 1 (r = 0.63, p = 0.0014). The 1360 

regression line depicts the fitted relationship, with shaded bands showing the 95% confidence 1361 

interval. Each dot represents a single voxel within the left putamen ROI. 1362 
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 1379 

Figure S6. No significant group differences in goal dependency encoding across whole-brain 1380 

dependency-sensitive clusters outside the left putamen. A, Whole-brain parametric-modulation 1381 

results for goal dependency (voxel-wise FDR-corrected q < 0.05, cluster size > 40). Regions outside 1382 

the left putamen included the left middle occipital gyrus, right superior temporal gyrus, right 1383 

supplementary motor area, right putamen, left precuneus, and right precentral gyrus. B, All clusters 1384 

outside the left putamen showed no significant group difference in goal-dependency β estimates 1385 

(ps > 0.18). Each dot represents an individual deaf signer (red = native; blue = delayed).  1386 

MOG_L = left middle occipital gyrus; STG_R = right superior temporal gyrus; SMA_R = right 1387 

supplementary motor area; PUT_R = right putamen; PCUN_L = left precuneus; PreCG_R = right 1388 

precentral gyrus. 1389 
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 1397 

Figure S7. Putaminal encoding of goal dependency relates to tool use but not to Chinese reading. 1398 

A, Putaminal β values of goal dependency positively correlated with tool-use performance (r = 0.42, 1399 

p = 0.013). Each dot represents an individual deaf signer (red = native; blue = delayed). B, Putaminal 1400 

β values of goal dependency were not correlated with Chinese reading accuracy (r = 0, p = 0.98). 1401 

Each dot represents an individual deaf signer (red = native; blue = delayed). The regression line 1402 

shows the fitted relationship, with shaded areas denoting the 95% confidence interval. 1403 
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Table S1. Scoring criteria for tool use and action imitation tasks 1427 

 Item Standard 

Tool use 

(Studies 1 

and 2) 

Match 
Hold a matchbox with one hand (maximum 4 points if unable), and strike a match with the 

other hand at an angle of approximately 15–30° along the box edge. 

Chopsticks 

Hold chopsticks with one hand using the thumb, index, and middle fingers; the thumb and 

index clamp the upper chopstick, while the nail of the ring or middle finger supports the 

lower chopstick. Deduct 2 points if no clamping motion is made (relative movement), and 

deduct 1 point if no movement toward the mouth is made. 

Scissors 
Hold scissors with one hand with the thumb in one hole, middle finger in the other hole, 

and index finger outside stabilizing the handle. Open and close the scissors several times. 

Saw 

The dominant hand grips the handle and moves it back and forth at a small angle to the 

ground (approx. 15°); the assisting hand presses down near the cutting site to stabilize the 

object. Deduct 2 points if no assisting hand is used. 

Key 
Pinch the key handle with thumb and index finger, first push forward to simulate insertion, 

then rotate the wrist clockwise while keeping the arm relatively still to simulate turning. 

Broom 

Grip the upper-middle part of the broom handle with one hand with the index finger 

pointing down and the thumb and other fingers wrapped around. The bristles must touch 

the floor/surface, and the arm moves the broom back and forth. 

Fan 

Fully unfold the fan; press the near side with the thumb and curl the other four fingers 

shell-like around the far side to hold firmly. Shake the wrist back and forth toward the 

body to fan. 

Brush 
Hold the brush handle with one hand and move it back and forth parallel to the surface so 

that the bristles make contact with the tabletop/flat surface. 

Iron 

The dominant hand holds the handle, keeping the base in contact with the surface and 

moving it back and forth slowly; the assisting hand presses downward to simulate holding 

clothes in place. Deduct 2 points if no assisting hand is used. 

Glasses 

Hold the folded glasses by both temples, fully unfold them; then hold each temple and 

move the glasses toward the face, placing them on the nose bridge. A maximum of 4 

points if the action is performed with one hand only. 

Tool use 

(Study 2) 

Hammer 

The dominant hand grips the lower handle and performs repeated lift-and-strike 

movements; the assisting hand is positioned near the striking site to simulate holding the 

object being hit. Deduct 2 points if no assisting hand is used. 

Wrench 

The dominant hand grips the handle; the assisting hand turns the adjustment wheel to 

open the jaws from their fully closed state, then simulates holding an object. The 

dominant hand rotates the handle back and forth to tighten or loosen. Deduct 2 points if 

the jaws are not opened; deduct 2 points if the assisting hand does not simulate holding 

the object. 

Screwdriver 

The dominant hand grips the handle, placing the tip against the target position and making 

twisting movements; the assisting hand simulates fixing the screw or object and maintains 

position. Deduct 2 points if no assisting hand is used. 
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Tape measure 

One hand holds the case; the other pinches the folded metal tip with thumb and index 

finger, pulling it out along a surface or in the air. The case hand presses the lock button to 

fix the tape, then releases it, while the pulling hand lightly controls the tape for slow 

retraction. 

Writing brush 

Hold the brush with thumb, index, and middle fingers at the upper-middle part of the 

shaft, supported by ring and little fingers. Keep the wrist suspended, with the brush 

vertical or slightly inclined toward the paper, and make dotting or writing movements. 

Action 

imitation 

(Study 1) 

Salute 
Fingers held together, wrist and arm in a straight line, raised at a 45° angle toward the 

temple. Deduct points if the wrist is overly bent. 

Waving 

goodbye 

Raise one hand to shoulder height or above, palm open and facing outward, and wave left 

and right at least twice. Maximum 4 points if only raised without waving. 

Clapping 
Raise both hands simultaneously and bring them together with palms facing, making 

repeated clapping movements. 

Raising hand 
Place one hand flat on the table, parallel to the edge; raise the other arm straight upward 

with the palm together. Both arms should form an angle of about 90°. 

Pointing 
Extend one hand with the index finger straightened to point at a target; other fingers are 

bent, and the thumb is naturally curved resting on the middle finger. 

Pinching 
Raise one hand with thumb and index finger opposed to form a pinching gesture, pinching 

the skin surface of the other arm held still, with a slight twisting movement. 

Yawning and 

stretching 

Yawning: take a deep breath, open the mouth wide, move facial muscles, inhale and 

exhale. Stretching: tilt the head back, raise both arms upward and backward. Both actions 

must be correct for 7 points; if only one is performed, maximum 4 points; deduct further if 

posture is incorrect. 

Buddhist bow 
Join both hands in front of the chest, accompanied by bowing the head and leaning the 

upper body forward. 

Making bow 
One hand forms a fist, the other hand is flat and placed over or covering the fist, with the 

body slightly leaning forward. 

Sneezing 
Open the mouth, cover nose and mouth with one hand, slightly lift the head, then lower it 

to sneeze, producing the sound “achoo.” 

All the items were scored on a 7-point scale, with higher scores indicating better performance. 1428 

Points were deducted based on predefined error types or missing action components as described 1429 

for each item. Study 2 included all tool-use items administered in Study 1, with additional tool types 1430 

listed separately. Scoring was performed by trained raters using standardized criteria to ensure 1431 

consistency across tasks and participants. 1432 
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Table S2. Collinearity diagnostics for the parametric modulators in Study 2 1441 

(A) Pairwise correlations among modulators 1442 

Pair Pearson’s r 
Goal dependency – Element number 0.64 

Goal dependency – Pixel number −0.20 
Element number – Pixel number 0.22 

 1443 

(B) Variance inflation factors (VIFs) 1444 

Variable VIF 
Goal dependency 2.11 
Element number 2.12 

Pixel number 1.32 

Pairwise correlations and variance inflation factors (VIFs) were computed across object-level 1445 

parametric modulator values, with one value per object entered into the fMRI general linear model 1446 

(see Methods). All the VIF values were well below the commonly used thresholds for problematic 1447 

multicollinearity. 1448 
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