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Supplementary Informa�on. 24 

Neural tracking of linguis�c structures. 25 

Experiment 1 served as the experimental baseline, which was conducted to 26 

replicate and extend the cortical tracking effect originally found by Ding et al. (2016). In 27 

this experiment, Dutch participants listened to three types of Dutch syllable sequences, 28 

which were disyllabic noun sequences (T1), random syllable sequences (T2) and backward 29 

played random syllable sequences (T3), respectively (see Supplementary Fig. 2a and 30 

Methods). The sequences were aurally presented at a rhythm of 4 syllables per second 31 

(4 Hz) in a random order, and the corresponding neural electromagnetic responses were 32 

recorded. The power spectrum (spatially filtered) was separately extracted for each of the 33 

three conditions. Statistical analysis (paired sample t-test, Bonferroni corrected) on the 34 

power of T1 sequences suggested a significantly stronger response at 2 Hz (t (13) = 10.13, 35 

p < 7.73e-08, Supplementary Fig. 2b) and 4 Hz (t (13) = 5.19, p < 8.62e-05, 36 

Supplementary Fig. 2b) compared to their corresponding neighboring bins. In 37 

contrast, only a significant 4 Hz peak occurred when participants listened to T2 (t (13) = 38 

6.44, p < 1.09e-05, Supplementary Fig. 2b) and T3 (t (13) = 5.88, p < 2.69e-05, 39 

Supplementary Fig. 2b) sequences. The topographical distributions in 40 

Supplementary Fig. 2b depict the weight of each sensor in extracting the optimized 41 

time series at 2 Hz and 4 Hz (for T1 sequences only), with bigger red dots indicating higher 42 

absolute weights (for details see Methods).  43 

To explore the cortical origin of the power effect, source reconstructions were 44 

conducted at 2 and 4 Hz (T1 sequences, for details see Methods). A cluster-based 45 

permutation test at 4 Hz (the syllables’ rhythm) indicated that the T1 sequences held 46 
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stronger source power compared to the baseline (T1 sequences, ts = 3.62e+06, pc < 0.01; 47 

see Supplementary Fig. 2d), and the effect was most pronounced bilaterally in the 48 

frontal (IFG), temporal (ITG, MTG, STG, INS) and central (PrG) regions, along with the 49 

left SFG, MFG, IPL and PoG (see Methods for the full names of the abbreviations). To 50 

estimate the magnitude of the effect, a paired sample t-test was used to compare the 51 

average power within the cluster between the target and baseline conditions. As expected, 52 

a robust 4 Hz source power corresponding to the target condition was observed (T1 53 

sequences, t (13) = 4.10, p < 0.0014, see lower panel of Supplementary Fig. 2d). The 54 

same estimation pipeline was applied on the power response at 2 Hz (the words’ rhythm). 55 

A significant source power was initially identified (for T1 sequences, ts = 2.34e+06, pc < 56 

0.05, see Supplementary Fig. 2c), which was bilaterally distributed in the frontal 57 

(MFG) and temporal (STG, INS) regions, together with the areas that had a left 58 

hemispheric dominance including MTG, ITG, IFG and PrG. Further estimation on the 59 

magnitude of the effect suggested that the source power of the target condition was 60 

robustly higher than the baseline (t (13) = 4.78, p < 3.56e-04, see the lower panel of 61 

Supplementary Fig. 2c).  62 

Consistent with previous studies (Ding et al., 2016; Gui et al., 2020; Jin et al., 2018; 63 

Kaufeld et al., 2020; Lu et al., 2023; Martin & Doumas, 2017; Ten Oever et al., 2022), our 64 

sensor space results indicated that the power of neural oscillations can simultaneously 65 

tracked the linguistic structures (word and syllables) at different time scales. The results 66 

suggested that the power activity was an effective neural readout to reflect speech 67 

hierarchy. Furthermore, the source localizations identified for words (2 Hz) and syllables 68 

(4 Hz) showed a strong left hemispheric bias and overlapped with the typical regions for 69 
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speech processing (Giraud & Poeppel, 2012; Hagoort & Indefrey, 2014; Hickok & Poeppel, 70 

2007). The source distributions were expected since the participants were listening to the 71 

sequences in their native language, and therefore, the cortical areas associated with 72 

language related processing should be involved.  73 

To assess the role of phase activity and distinguish it from the power in 74 

representing speech hierarchy, inter-trial phase coherence (ITPC) was calculated at all 75 

frequency bins (for details see Methods). Statistical analysis (paired sample t-test, FDR 76 

corrected) on the T1 sequences indicated that the strength of the phase coherence at 2 Hz 77 

(t (13) = 11.05, p < 2.76e-08, the left panel of Supplementary Fig. 2e) and 4 Hz (t (13) 78 

= 11.98, p < 1.06e-08, the left panel of Supplementary Fig. 2e) were significantly 79 

higher than the baseline (the orange line in Supplementary Fig. 2e). In comparison, a 80 

robust phase synchronization was found only at 4 Hz for T2 (t (13) = 14.55, p < 1.00e-09, 81 

the middle panel of Supplementary Fig. 2e) and T3 sequences (t (13) = 11.61, p < 1.55e-82 

08, the right panel of Supplementary Fig. 2e). Note that we found no evidence to 83 

suggest that the angles of the phase coherence were consistent among participants. In 84 

other words, while each participant's phase activity clustered around a specific angle 85 

across trials, these angles were not statistically consistent across participants (see the 86 

same type of transparent lines, such as dotted lines, in Supplementary Fig. 2e).  87 

To further estimate the source origin of the phase coherence and check its temporal 88 

evolution, source reconstructions at multiple frequencies were conducted on T1 89 

sequences (for details see Methods). Statistical analysis (cluster-based permutation test) 90 

on the averaged phase coherence (averaged over a 3-second window from 2 to 4 seconds 91 

after the audio onset) indicated that the source phase coherence at 4 Hz was significantly 92 
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higher than the average of those at its neighbor frequency bins (T1 sequences, ts = 93 

7.86e+06, pc < 0.002, see Supplementary Fig. 2g). And the effect was most 94 

pronounced bilaterally at the frontal (IFG, MFG, SFG, OrG), temporal (ITG, MTG, STG, 95 

INS) and central areas (IPL, SPL, PrG, PoG). The lower panel of Supplementary Fig. 96 

2g shows the temporal evolution of the averaged phase coherence for both conditions. By 97 

applying the same estimation pipeline, we found a significant 2 Hz phase coherence as 98 

well (T1 sequences, ts = 7.26e+06, pc < 0.002, see Supplementary Fig. 2f). And the 99 

effect was largely localized bilaterally in the frontal (MFG, SFG, OrG), temporal (ITG, STG) 100 

and central (PrG, PoG) areas, along with the left MTG and the right IPL. The temporal 101 

evolution of the averaged phase coherence at 2 Hz for both conditions were shown at the 102 

lower panel of Supplementary Fig. 2f.  103 

The sensor level results indicated that phase activity was associated with 104 

representing different types of linguistic units and their hierarchical relations during 105 

speech comprehension. The periodicities of linguistic structures were reflected by both 106 

phase and power suggested that the two neural readouts could be associated with 107 

different processes in building hierarchical structures. In addition, the source distribution 108 

for phase was quite different from that for power (e.g., in terms of the involved cortical 109 

regions), which again suggested the potential difference in roles between the two neural 110 

measures.  111 

Experiment 1 replicated the original cortical tracking effect (Ding et al., 2016) 112 

and then explored the role of phase activity in representing hierarchical structures. In 113 

addition, the cortical origins of the two types of neural readouts were estimated, which 114 

provided in-depth information to inspect the phenomenon. As discussed above (see 115 
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Introduction), the observed effect is driven by prosodic, statistical, and structural 116 

linguistic cues. In addition to the co-extension of linguistic and statistical information 117 

(the TP between words in T1 sequences was 1/10, see Methods), there were measurable 118 

prosodic cues to indicate the words structures (2 Hz units) in T1 sequences (2 Hz peak in 119 

acoustic spectrum, see Methods and Supplementary Fig. 6g). The source localization 120 

for power overlapped with the cortical regions related to language processing, however, 121 

given the existence of the prosodic and TP differences in conditions, it is a bit difficult to 122 

argue that the observed cortical network was predominantly driven by linguistic cues. In 123 

addition, the 2 Hz peak here was relatively higher than the one showed in the original 124 

study (Ding et al., 2016), which could be induced by the accessibility of multiple kinds of 125 

cues (e.g., prosodic, linguistic and statistical). It was highly likely that the different types 126 

of cues all together contributed to the 2 Hz peak here, therefore, our results did not 127 

eliminate the possibility that linguistic information alone can elicit the tracking 128 

phenomenon.  129 

Neural tracking of sta�s�cal structures. 130 

 The results of Experiment 1 demonstrated that our experimental paradigm 131 

effectively elicited the tracking effect when multiple types of cues were available. And, as 132 

expected, neural phase activity was shown to be involved in representing hierarchical 133 

structures. In Experiment 2, we removed linguistic cues and to at a large extent 134 

attenuated the influence of physical (e.g., prosodic) cues (see Methods and 135 

Supplementary Fig. 6h) to see how statistical information alone (i.e., the TP between 136 

words was 1/10, see Methods) would reshape the tracking phenomenon (in time, 137 

frequency and space). In this experiment, Dutch participants listened to the same three 138 
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types of sequences (T1, T2 and T3), and the experimental procedure and stimuli’s 139 

manipulations were identical to Experiment 1 except that the stimuli were in Mandarin 140 

Chinese rather than Dutch (linguistic knowledge removed, see Supplementary Fig. 3a).  141 

Statistical analysis (paired sample t-test, FDR corrected) on the power spectrum of 142 

T1 sequences indicated that the peaks at 2 Hz (t (13) = 4.25, p < 4.69e-04, see 143 

Supplementary Fig. 3b) and 4 Hz (t (13) = 8.89, p < 3.49e-07, see Supplementary 144 

Fig. 3b) were significantly higher than their corresponding neighbor bins (the 145 

topographies show the weights of the sensors). In contrast, only a 4 Hz peak occurred for 146 

T2 (t (13) = 8.75, p < 4.14e-07, see Supplementary Fig. 3b) and T3 (t (13) = 6.53, p < 147 

9.47e-06, see Supplementary Fig. 3b) sequences.  148 

 Further source level estimations suggested that the source power at 4 Hz (syllables) 149 

for T1 sequences was significantly higher than that for the baseline condition (cluster-150 

based permutation test, ts = 3.31e+06, pc < 0.01). And the effect was most pronounced 151 

bilaterally in the frontal (IFG, MFG), temporal (ITG, MTG, STG, INS) and central (PrG, 152 

PoG) areas, along with the right IPL (see the upper panel of Supplementary Fig. 3d). 153 

The estimation on effect size suggested that the averaged power within the cluster was 154 

robustly stronger for the target condition (T1 sequences) than the baseline condition (t 155 

(13) = 3.50, p < 0.0038, see the lower panel of Supplementary Fig. 3d). Similarly, 156 

statistical analysis on the 2 Hz source power indicated that the intensity of the target 157 

condition (T1 sequences) was significantly higher than that of the baseline condition 158 

(cluster-based permutation test, ts = 3.57e+06, pc < 0.01). And the effect was largely 159 

distributed bilaterally at the frontal (IFG, MFG, SFG, OrG) and temporal (ITG, MTG, STG, 160 

INS) areas (see the upper panel of Supplementary Fig. 3c), with a slight bias towards 161 
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the right hemisphere in terms of activation strength (t-values) and the extent of activation 162 

within specific cortical regions (e.g., ITG). Additional analysis on the magnitude of the 163 

effect validated its robustness (paired sample t-test, t (13) = 6.19, p < 3.25e-05, see the 164 

lower panel of Supplementary Fig. 3c).  165 

In Experiment 2, the prosodic (see Methods and Supplementary Fig. 6h) 166 

and linguistic cues (Dutch participants listened to Mandarin Chinese) for word 167 

recognition were unavailable, a robust power response occurred at 2 Hz (words) when the 168 

participants listened to T1 sequences suggested that statistical information alone can 169 

induce the tracking effect. In addition, when considering the results of the original study 170 

(Ding et al., 2016), which showed that linguistic information alone could induce the effect, 171 

along with the sensor-level power results from Experiment 1 (where multiple types of 172 

cues were available) and Experiment 2 (where only statistical cues were available), it is 173 

reasonable to conclude that hierarchical representation can be elicited through either one 174 

type or multiple types of perceptual cues.  175 

However, we noticed that the cortical origin of the power response when multiple 176 

kinds of cues were available (see Supplementary Fig. 2c and Supplementary Fig. 177 

2d) was quite different from that when only statistical information was provided (see 178 

Supplementary Fig. 3c and Supplementary Fig. 3d). The source variations between 179 

the two situations suggested that the cortical regions that underpinned the utilization of 180 

different types of cues were different. Though the differences in stimuli (Dutch vs 181 

Mandarin Chinese) might have contributed to the source variations, explaining the effect 182 

by the availability of structural cues seemed more plausible, since the source power results 183 

in the following experiments indicated that the cortical origins were fairly similar when 184 
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only one type of cue (statistical) was provided given the languages of the stimuli differed 185 

across experiments (see Supplementary Fig. 4c and Supplementary Fig. 5c). 186 

Moreover, the 2 Hz peak when multiple cues were available was higher than that when 187 

only the statistical cues were provided (paired sample t-test, p < 1.00e-03), which 188 

potentially suggested the accumulated effect of cues for structure building. In sum, the 189 

results up to here indicated that hierarchical representation reflected by the neural power 190 

response can be elicited through one or multiple cues, and the strength of the peak at one 191 

frequency (e.g., 2 Hz) and its corresponding source origins might reflect the availability 192 

and the role of the cues for building hierarchy.  193 

To examine how phase activity was involved in the construction of hierarchical 194 

structures when only statistical cues was provided, phase coherence (ITPC, see Methods) 195 

was estimated at both the sensor and source levels. Statistical comparisons (paired 196 

sample t-test, FDR corrected) at sensor level were first conducted on the phase coherence 197 

corresponding to T1 sequences. As expected, the analyses indicated that the strength of 198 

the phase synchronization across trials was significantly higher at 2 Hz (t (13) = 5.75, p < 199 

3.34e-05, see left panel of Supplementary Fig. 3e) and 4 Hz (t (13) = 17.15, p < 1.31e-200 

10, see left panel of Supplementary Fig. 3e) compared to the baseline. In contrast, only 201 

a significant 4 Hz phase coherence occurred for T2 (t (13) = 12.74, p < 5.04e-09, see 202 

middle panel of Supplementary Fig. 3e) and T3 (t (13) = 10.04, p < 8.55e-08, see right 203 

panel of Supplementary Fig. 3e) sequences. Similar to Experiment 1, no statistical 204 

evidence was found to support that the phase coherence effect was driven by one specific 205 

phase angle across participants in any of the three situations (see Supplementary Fig. 206 

3e).  207 
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Further source estimations for the phase coherence were applied on T1 sequences. 208 

Statistical comparisons (cluster-based permutation test) suggested that the strength of 209 

the phase coherence at 4 Hz was significantly higher than at neighboring frequency bins 210 

(T1 sequences, ts = 5.61e+06, pc < 0.002, for details see Methods). And the effect was 211 

most pronounced bilaterally in the frontal (IFG, MFG, SFG, OrG), temporal (ITG, MTG, 212 

pSTS) and central regions (PoG, PrG), along with the right IPL, right STG, and left SPL 213 

(see the upper panel of Supplementary Fig. 3g). The lower panel of Supplementary 214 

Fig. 3g shows the averaged phase coherence within the cluster for both conditions. 215 

Similarly, statistical comparisons (cluster-based permutation test) suggested that the 216 

phase coherence at 2 Hz was robustly stronger compared to the baseline (T1 sequences, ts 217 

= 6.31e+06, pc < 0.002). And the effect was localized bilaterally in the frontal (IFG, MFG, 218 

SFG) and temporal areas (ITG, MTG, STG, pSTS), together with left PrG, left PoG and 219 

right SPL (see the upper panel of Supplementary Fig. 3f). The temporal dynamics in 220 

the lower panel of Supplementary Fig. 3f represent the averaged phase coherence 221 

within the cluster for both conditions.  222 

Apparently, the results indicated that the representation of hierarchical structures 223 

was associated with phase activity, even when only statistical information was provided 224 

for building structures. Consistent with Experiment 1, the cortical origins of the phase 225 

response (see Supplementary Fig. 3f and Supplementary Fig. 3g) in Experiment 226 

2 differed from those of the power response (see Supplementary Fig. 3c and 227 

Supplementary Fig. 3d). The findings suggested that the phase and power measures 228 

are potentially linked to distinct processes involved in the hierarchical representation, 229 

regardless how many types of cues were available. Later result sections discussed the roles 230 
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associated with these two types of neural measurements (see the theoretical model) and 231 

what the underlying source distributions represent (see the results of connectivity).  232 

Neural tracking of linguis�c and sta�s�cal structures. 233 

 Previous experiments demonstrated that hierarchical representations can be 234 

elicited by either one type (Experiment 2) or multiple types of structural cues 235 

(Experiment 1) where the stimuli contained two types of units (i.e., words and syllables). 236 

To generalize the tracking effect, it is important to examine whether the hierarchical 237 

representation still occurs when multiple layers are present. To asses that, we generated 238 

a type of sequence (noun pairs, 1 Hz, 4 syllables per second) that was layered on top of the 239 

word rate (2 Hz) and violates grammatical rules in Dutch. By doing so, we aimed to check 240 

if the brain would simultaneously represent the units at different levels (i.e., noun pairs, 241 

words and syllables) and to investigate how the brain would handle a structure that was 242 

statistically associated but violated grammatical expectation (for details see Methods).  243 

 This section involved two experiments. In the first experiment (Experiment 3), 244 

we trained the participants on the noun pairs (1 Hz structures) from sequences that were 245 

varied in durations (1, 2 or 3 seconds, see Supplementary Fig. 7). These noun pairs 246 

were formed by combining two singular nouns, which violated grammatical rules in Dutch. 247 

During the training, the TP between any two noun pairs was controlled to be 1/25, which 248 

served as the statistical cue for learning (for details see Methods). After the training, 249 

Experiment 4 was conducted, in which the Dutch participants listened to the same three 250 

types of sequences (T1, T2 and T3, see Supplementary Fig. 4a) as in Experiments 1 251 

and 2, except that the sequences were constructed by using the trained stimuli from 252 

Experiment 3. Specifically, in each T1 sequence, each pair of words (without 253 
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replacement) formed a noun pair (1 Hz) composed of two singular nouns (2 Hz). Similar 254 

paradigms were used to explore the role of statistical information in extracting artificially 255 

constructed units (Henin et al., 2021; Saffran et al., 1999). Note that the analyses were 256 

conducted solely on the neural activities recorded from Experiment 4. 257 

The sensor level power response was initially analyzed. Statistical comparisons on 258 

T1 sequences (paired sample t-test, FDR corrected) indicated that the strength of the 259 

induced power at 1 Hz (t (13) = 4.94, p < 1.33e-04, see Supplementary Fig. 4b), 2 Hz 260 

(t (13) = 12.26, p < 8.00e-09, see Supplementary Fig. 4b) and 4 Hz (t (13) = 5.10, p < 261 

1.01e-04, see Supplementary Fig. 4b) were significantly higher than their 262 

corresponding neighbor bins. However, as expected, only a significant 4 Hz response was 263 

observed when participants listened to T2 (t (13) = 6.07, p < 1.98e-05, see 264 

Supplementary Fig. 4b) and T3 (t (13) = 3.80, p < 0.001, see Supplementary Fig. 265 

4b) sequences.  266 

Source comparisons (cluster-based permutation test) at 4 Hz indicated that the 267 

source power corresponding to T1 sequences was significantly stronger than that of the 268 

baseline condition (T1 sequences, ts = 4.48e+06, pc < 0.004). And the effect was mostly 269 

pronounced bilaterally in the frontal (IFG, SFG, OrG), temporal (ITG, MTG, STG, pSTS, 270 

INS) and central (PoG, PrG) regions, along with the left MFG (a larger portion of OrG at 271 

the left hemisphere was activated, see the upper panel of Supplementary Fig. 4e). 272 

Similarly, a significantly higher 2 Hz source power than the baseline was observed (T1 273 

sequences, ts = 2.97e+06, pc < 0.018), which was largely distributed bilaterally in the 274 

frontal (MFG, OrG) and temporal (ITG, MTG, STG, INS) regions, along with the left IFG 275 

and a small portion of the right PrG (see the upper panel of Supplementary Fig. 4d). 276 
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More importantly, statistical estimations indicated that the source power at 1 Hz was 277 

robustly stronger for T1 sequences compared to the baseline (T1 sequences, ts = 4.12e+06, 278 

pc < 0.008). And the effect was largely distributed bilaterally in the frontal (MFG, OrG) 279 

and temporal (ITG, STG) areas, together with the right IFG, INS and MTG (see upper 280 

panel of Supplementary Fig. 4c). To assess the magnitude of the effect, paired-sample 281 

t-tests were conducted to compare the average power within the cluster at the frequencies 282 

of interest (i.e., 1, 2, and 4 Hz) with the baseline. The comparison indicated that the source 283 

power at 4 Hz (t (13) = 3.40, p < 0.004, see lower panel of Supplementary Fig. 4e), 2 284 

Hz (t (13) = 4.83, p < 3.27e-04, see lower panel of Supplementary Fig. 4d) and 1 Hz (t 285 

(13) = 5.63, p < 8.11e-05, see lower panel of Supplementary Fig. 4c) were pronounced. 286 

  287 

The power results here indicated that the brain can simultaneously track the 288 

structures at different timescales and representational level (i.e., syllables, words and 289 

learned noun pairs), which was consistent with the findings from previous studies (Ding 290 

et al., 2016; Gui et al., 2020; Jin et al., 2018; Kaufeld et al., 2020; Lu et al., 2023; Martin 291 

& Doumas, 2017; Ten Oever et al., 2022). However, it is worth noting that the top-level 292 

structures (1 Hz, noun pairs) here were not grammatical in Dutch, indicating that in this 293 

case the effect was not driven by grammatical chunking. Furthermore, we note that 294 

semantic associations could facilitate the extraction of the 1 Hz structures. However, since 295 

the noun pairs violated grammatical rules in Dutch, the semantic association between the 296 

nouns in the pair had to be formed by means of statistical cues based on experience with 297 

the stimuli. In other words, utilizing statistical cues was a prerequisite for associating the 298 

two nouns. More importantly, if semantics association was the main factor that led to the 299 
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extraction of the 1 Hz structure, the cortical origins corresponding to the 1 Hz power 300 

should have reflected it (see the upper panel of Supplementary Fig. 4c). Notably, the 301 

source distribution did not match with the typical patten for semantics-related processing, 302 

e.g., showing a strong left hemispheric bias (Ding et al., 2016; Giraud & Poeppel, 2012; 303 

Hagoort & Indefrey, 2014; Hickok & Poeppel, 2007). In addition, the concurrent tracking 304 

of words (2 Hz) that were defined by multiple types of cues (i.e., prosodic, linguistic and 305 

statistical) and statistically-defined noun pairs (1 Hz) revealed the flexibility of the brain 306 

in constructing representations to track during speech processing. That is to say, the 307 

power effects reflect the formation of hierarchical representations could be a 308 

manifestation of a generalized mechanism, which can be induced by any effective 309 

structural cue.  310 

The source localizations for syllables (4 Hz, see Supplementary Fig. 4e) and 311 

words (2 Hz, see Supplementary Fig. 4d) exhibited a left hemispheric dominance, 312 

which was consistent with the spatial pattern related to speech processing (Giraud & 313 

Poeppel, 2012; Hagoort & Indefrey, 2014; Hickok & Poeppel, 2007). In contrast, the 314 

cortical origins for the noun pairs (1 Hz, see Supplementary Fig. 4c) were strongly 315 

biased towards the right hemisphere. Previous findings have suggested the association 316 

between the processing of statistical regularities and the right hemisphere (Corballis, 317 

2014; Janacsek et al., 2015; Kaposvari et al., 2018; Rauch et al., 1995; Roser et al., 2011; 318 

Schapiro & Turk-Browne, 2015). The variations in hemispheric dominance orientations 319 

further suggested that the underlying mechanisms were different between building words 320 

and syllables (2 Hz and 4 Hz) and constructing noun pairs (1 Hz).  321 
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Furthermore, we noticed that the source distributions for words and syllables, 322 

when the top-level units were noun pairs (1 Hz, see Supplementary Fig. 4d and 323 

Supplementary Fig. 4e), differed from those when words were the highest-level 324 

structures (2 Hz, see Supplementary Fig. 2c and Supplementary Fig. 2d). 325 

Intuitively, the differences can be explained by the fact that more layers of units needed 326 

to be represented in the former than in the latter situation. Given the more complex 327 

hierarchical relationships, it was natural that the cortical distributions differed. However, 328 

a formal and detailed hypothesis is required to explain the underlying reasons. One 329 

potential explanation could lie in the brain's use of structured layers to process different 330 

levels of information. Topological representation is commonly accepted in neuroscience, 331 

meaning that to successfully extract information from a physical stimulus, the brain 332 

represents the required features and their compositions hierarchically. In other words, 333 

higher-level cortical regions depend on and encode combinations of lower-level 334 

representations. (Chang et al., 2010; Hickok & Poeppel, 2007; Hubel & Wiesel, 1962; 335 

Knudsen et al., 1987; Mesgarani & Chang, 2012; Mesgarani et al., 2014). In our case, 336 

therefore, it was highly likely that the required acoustic features at the bottom layer (4 Hz, 337 

syllables) for building the top-layer units varied depending on whether the highest level 338 

consisted of noun pairs (statistically defined) or words (multiple types of cues indicated 339 

the units).  340 

However, we do not conclude that the source localizations found for syllables (4 341 

Hz), words (2 Hz) and noun pairs (1 Hz) are the selfsame cortical networks that support 342 

the building of these representational hierarchies. Though the distributions might largely 343 

reflect the processes, there were unrelated features represented due to the topological 344 

manner of the brain. For instance, some kinds of acoustic features that reflected the 345 
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physical features of the speech stimulus (e.g., noise level, loudness, speaker’s accent, etc.) 346 

were always represented at higher layers no matter the number of hierarchies. However, 347 

these features themselves were not the key gradients leading to perception of words from 348 

syllables and phonemes (e.g., one cannot use noise level as a cue to a word or noun pair). 349 

Therefore, the spatial distributions are not further discussed here. Instead, we will 350 

attempt to isolate these unrelated factors and then address the cortical significance in a 351 

later section (see the results on connectivity). This inference applies to all the univariate 352 

source findings in the study.  353 

Similar to previous experiments, neural phase activities were analyzed as well. 354 

Statistical comparisons on T1 sequences (paired sample t-test (FDR corrected) suggested 355 

that the phase coherence at 1 Hz (t (13) = 5.96, p < 2.36e-05, see the left panel of 356 

Supplementary Fig. 4f), 2 Hz (t (13) = 14.89, p < 7.51e-10, see the left panel of 357 

Supplementary Fig. 4f) and 4 Hz (t (13) = 10.52, p < 4.93e-08, see the left panel of 358 

Supplementary Fig. 4f) were significantly stronger than their corresponding baselines 359 

(the orange bars in Supplementary Fig. 4f). In contrast, a significant phase coherence 360 

was only found at 4 Hz for T2 (t (13) = 9.50, p < 1.62e-07, see middle panel of 361 

Supplementary Fig. 4f) and T3 (t (13) = 11.51, p < 1.71e-08, see the right panel of 362 

Supplementary Fig. 4f) sequences. Once more, no statistical evidence was found to 363 

suggest that the clustered phase angles were consistent across participants (see the 364 

transparent lines in Supplementary Fig. 4f).  365 

Further source reconstructions were conducted on T1 sequences for the 366 

frequencies of interest. Statistical comparisons (cluster-based permutation tests) first 367 

indicated that source phase synchronization was significantly stronger at 4 Hz compared 368 
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to neighboring frequency bins (T1 sequences, ts = 7.03e+06, pc < 0.002). And the effect 369 

was largely localized bilaterally in the frontal (IFG, MFG, SFG, OrG) and temporal (ITG, 370 

MTG, STG) regions, along with the left PrG, right INS, right IPL and right PoG (see the 371 

upper panel of Supplementary Fig. 4i). Similarly, a robust 2 Hz source phase 372 

coherence was identified (T1 sequences, ts = 6.62e+06, pc < 0.002), which was found 373 

distributed bilaterally in the frontal (IFG, MFG, SFG, OrG), temporal (ITG, MTG, STG, 374 

INS) and central (IPL, PrG, PoG, SPL) areas (see the upper panel of Supplementary 375 

Fig. 4h). More critically, statistical comparisons indicated a significant source phase 376 

coherence at 1 Hz (T1 sequences, ts = 3.30e+06, pc < 0.016). The effect was most 377 

pronounced bilaterally in the frontal (MFG, OrG) and temporal (ITG, MTG, STG, INS) 378 

regions, together with left IPL, right IFG and right PrG (see the upper panel of 379 

Supplementary Fig. 4g). The temporal evolutions of the averaged phase coherence 380 

within the cluster for 1 Hz, 2 Hz and 4 Hz are shown at the lower panel of 381 

Supplementary Fig. 4g, Supplementary Fig. 4h and Supplementary Fig. 4i, 382 

respectively.  383 

The strong phase coherence at 1, 2, and 4 Hz indicated that phase activities were 384 

involved in representing hierarchical structures, even when the underlying cues differed 385 

across layers and when more layers were embedded in the speech stimuli. The variations 386 

in cortical origins between neural power and phase responses suggest that different 387 

networks and/or processes may be associated with these two types of neural readouts. As 388 

emphasized previously, a generalized theoretical framework is needed (see the model) 389 

and should be validated (see results of connectivity) to further uncover the spatial 390 

significance.  391 
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Note that consistent with previous studies (Ding et al., 2016; Henin et al., 2021; 392 

Pei et al., 2023; Sheng et al., 2019), we observed a 3 Hz peak in the power spectrum, As 393 

this peak is not central to our research focus, we do not discuss it further here. However, 394 

it can be well accounted for by our theoretical model. For details, see The 3 Hz peak in 395 

the neural response spectrum in the Supplementary Information. 396 

 397 

Neural tracking of hierarchical sta�s�cal structures. 398 

In the previous section, we observed that hierarchical representations in the neural 399 

phase and power activity occurred when multiple layers (i.e., syllables, words and noun 400 

pairs) were involved and the cues for the triggered integration across hierarchical layers 401 

varied. To generalize this phenomenon, it is important to show that simultaneous tracking 402 

persists even when only one type of structural cue is present and consistent across 403 

different layers. To test this, two experiments were conducted. In the first one 404 

(Experiment 5), which was similar to its counterpart in the last section (Experiment 405 

3), we trained the Dutch participants to extract 4-syllable noun pairs (1 Hz, combined by 406 

two singular nouns) in Mandarin Chinese from sequences with varying duration (1, 2 or 407 

3 seconds, for details see Methods). Then, Experiment 6 was followed, where the 408 

participants listened to the same three types of sequences (T1, T2 and T3) as in 409 

Experiment 1, 2 and 4, except that the stimuli were constructed from the trained 410 

material in Experiment 5, with every two words forming a 1 Hz unit (without 411 

replacement). Since the participants did not understand Mandarin Chinese and the 412 

syllable sequences were isochronous, both linguistic and prosodic cues were removed. 413 

Therefore, any observed hierarchical representations should be driven by statistical 414 
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information. Consistent with the previous section, only the neural activity from 415 

Experiment 6 was analyzed.  416 

 Statistical comparisons (paired sample t-test, FDR corrected) on the sensor-level 417 

power response of T1 sequences indicated that the induced power at 1 Hz (t (13) = 5.68, p 418 

< 3.74e-05, see Supplementary Fig. 5b), 2 Hz (t (13) = 3.53, p < 1.84e-03, see 419 

Supplementary Fig. 5b) and 4 Hz (t (13) = 10.65, p < 4.31e-08, see Supplementary 420 

Fig. 5b) was significantly higher than in their corresponding neighboring frequency bins. 421 

In comparison, only a 4 Hz peak occurred for T2 (t (13) = 10.55, p < 4.81e-08, see 422 

Supplementary Fig. 5b) and T3 (t (13) = 7.32, p < 2.88e-06, see Supplementary Fig. 423 

5b) sequences.  424 

 The sensor space phase activity exhibited a similar pattern. Statistical estimations 425 

(paired sample t-test, FDR corrected) on the phase coherence corresponding to T1 426 

sequences indicated that a stronger phase synchronization than the baseline (the orange 427 

bar in Supplementary Fig. 5f) occurred at 1 Hz (t (13) = 5.93, p < 2.48e-05, see the left 428 

panel of Supplementary Fig. 5f), 2 Hz (t (13) = 5.08, p < 1.05e-04, see the left panel of 429 

Supplementary Fig. 5f) and 4 Hz (t (13) = 15.94, p < 3.25e-10, see the left panel of 430 

Supplementary Fig. 5f). In contrast, a significant phase coherence was observed only 431 

at 4 Hz for T2 (t (13) = 16.20, p < 2.66e-10, see middle panel of Supplementary Fig. 5f) 432 

and T3 (t (13) = 8.35, p < 6.90e-07, see right panel of Supplementary Fig. 5f) 433 

sequences. And no statistical evidence was found to suggest that the phase angles were 434 

consistent across participants in any condition (see transparent lines in Supplementary 435 

Fig. 5f). 436 
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 Source reconstructions were first applied to the power activity for T1 sequences. 437 

Statistical analysis (cluster-based permutation test) indicated that the source power at 4 438 

Hz was significantly higher than the baseline (T1 sequences, ts = 4.24e+06, pc < 0.002, 439 

see the upper panel of Supplementary Fig. 5e). And the effect was most pronounced 440 

bilaterally in the frontal (MFG, SFG, OrG), temporal (ITG, MTG, STG, INS, pSTS) and 441 

central (PoG, PrG) areas, together with left IFG and right IPL.  442 

Similarly, a robust 2 Hz source power was identified (T1 sequences, ts = 2.99e+06, 443 

pc < 0.008, see the upper panel of Supplementary Fig. 5d), which was bilaterally 444 

localized in the frontal (IFG, OrG) and temporal (ITG, MTG, STG, INS) regions, along 445 

with left MFG, pSTS, PrG and PoG.  446 

More importantly, statistical comparisons indicated a significant 1 Hz source 447 

power (T1 sequences, ts = 1.91e+06, pc < 0.05, see the upper panel of Supplementary 448 

Fig. 5c), which was bilaterally distributed at STG, INS and OrG, together with left IFG, 449 

MTG, ITG and right MFG. Further checking on the magnitude of the effect (paired sample 450 

t-test) revealed that the source power at 1 Hz (t (13) = 4.97, p < 2.52e-04, see the lower 451 

panel of Supplementary Fig. 5c), 2 Hz (t (13) = 5.70, p < 7.23e-05, see the lower panel 452 

of Supplementary Fig. 5d) and 4 Hz (t (13) = 4.25, p < 9.33e-04, see the lower panel 453 

of Supplementary Fig. 5e) was prominent.  454 

The last set of analyses were conducted to estimate the cortical origins of the phase 455 

synchronizations at the frequencies of interests. Statistical comparisons (cluster-based 456 

permutation test) on T1 sequences first indicated that the source-level phase coherence 457 

at 4 Hz was significantly stronger than its corresponding neighboring frequency bins (T1 458 

sequences, ts = 5.71e+06, pc < 0.002, see the upper panel of Supplementary Fig. 5i). 459 
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And the effect was bilaterally localized in the frontal (MFG, OrG), temporal (ITG, MTG, 460 

STG), central (PrG) and posterior (LOcC) areas, alone with the regions at left hemisphere 461 

(IFG, INS, PoG) and right hemisphere (IPL, SFG, pSTS).  462 

In addition, a significant 2 Hz phase coherence was detected (T1 sequences, ts = 463 

4.47e+06, pc < 0.002, see the upper panel of Supplementary Fig. 5h), which was most 464 

pronounced bilaterally in the temporal (ITG, MTG) and central (SPL) regions, along with 465 

the areas at left (IFG, MFG, LOcC) and right hemisphere (STG).  466 

Finally, statistical comparisons suggested that the source space phase coherence 467 

was significantly stronger at 1 Hz compared to the baseline (T1 sequences, ts = 4.70e+06, 468 

pc < 0.002, see the upper panel of Supplementary Fig. 5i). And the effect was 469 

bilaterally localized in the frontal (IFG), temporal (ITG, MTG, STG, INS), central (IPL, 470 

PoG) and posterior (LOcC) areas, together with the regions in left hemisphere (MFG, 471 

pSTS, PrG). The averaged phase coherence (within cluster) at 1, 2 and 4 Hz is shown at 472 

the lower panels of Supplementary Fig. 5g, Supplementary Fig. 5h and 473 

Supplementary Fig. 5i, respectively.  474 

The results in this section suggested that both neural phase and power activity 475 

tracked the hierarchical structures (i.e., syllables, words and noun pairs) even when 476 

statistical information, in the absence of comprehension, was the only accessible cue. The 477 

sensor-level effects in phase and power were evoked regardless of the number of layers 478 

embedded in the stimuli and despite variations in the availability of cues, again suggesting 479 

that the tracking effect was not limited to being triggered by linguistic structure.  480 

Although the hierarchical representations exhibited similar patterns at the sensor 481 

level across different situations, the cortical origins differed, which seemed to be driven 482 
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by source of information used to track speech, i.e., the cues. In addition, the source 483 

variations across the two neural readouts (power and phase) could be associated with 484 

different networks being recruited to process specific information. The source-level 485 

findings appeared to incorporate in-depth information to discriminate different types of 486 

cues and to isolate the roles associated with the two neural measurements. In fact, similar 487 

effects at the sensor level do not necessarily project similarity in the underlying 488 

mechanisms. For instance, it is possible that noun pairs (1 Hz) were directly built upon 489 

syllables (4 Hz) when linguistic cues contradicted statistical information (e.g., 490 

Experiment 4), and were constructed through words (2 Hz) when they did not (e.g., 491 

Experiment 6). In other words, simultaneous representation of hierarchy does not 492 

imply that the underlying building processes were also progressive. Therefore, it is 493 

necessary to delve deeper into the source significance. However, as discussed previously 494 

(see the discussion in the last section), a mechanistic framework that generalizes the 495 

cortical tracking effect is needed to uncover the spatial implications (see the model 496 

section).   497 

The 3 Hz peak in the neural response spectrum. 498 

 We observed a 3 Hz peak in the power response spectrum in cases where noun 499 

pairs (1 Hz) were the highest-level structures. This peak was significant compared to its 500 

neighboring bins (p < 1.00e-03 for all situations, see Supplementary Fig. 4b and 501 

Supplementary Fig. 5b). Since this 3 Hz rhythm did not correspond to any 502 

experimentally manipulated structures, a straightforward question arises: how did it 503 

occur, and what does the peak reflect? Previous studies exploring hierarchical 504 

representation have shown similar patterns (Ding et al., 2016; Henin et al., 2021; Pei et 505 
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al., 2023; Sheng et al., 2019), where a power response occurs at an untargeted harmonic 506 

of the fundamental frequency. 507 

The relationship between the fundamental frequency and the 3 Hz peak did not 508 

align with the typical harmonic structure (i.e., the peak at 1 Hz was not nine times 509 

higher, 3 squared, than that at 3 Hz), suggesting that the harmonic hypothesis cannot 510 

fully explain the effect. Therefore, it is reasonable to conclude that the effect was driven 511 

by multiple factors. One plausible factor can be derived from our theoretical model. 512 

Since four syllables were presented each second (4 Hz), there were three consecutive 513 

pairs of syllables (e.g., the 1st and 2nd, 2nd and 3rd, and the 3rd and 4th) that could 514 

potentially form higher-level structures (e.g., three words). When compositionality was 515 

estimated for these syllable pairs, it followed a rhythm of three times per second (3 Hz). 516 

Thus, it is possible that the 3 Hz peak in the power spectrum was partially driven by 517 

these combinability estimations. Additionally, the 3 Hz peak might have been partly 518 

influenced by some unaccounted-for physical cues from an overall perspective. 519 

However, since this frequency was not the targeted focus and is unrelated to the study’s 520 

conclusions, no further investigation was conducted on it. 521 

 522 

 523 

 524 

 525 

 526 
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Supplementary Fig. 1. Logical framework of the study. 527 

 528 

A diagram illustra�ng the logical framework of the study and the interrela�onships among its key es�ma�ons. a. 529 
Experimental sec�on. Experiment 1. Dutch par�cipants listened to Dutch syllable sequences, where the top-layer 530 
units were words (singular nouns, 2 Hz), and mul�ple types of structural cues (i.e., prosodic, sta�s�cal, and 531 
linguis�c) were available. Experiment 2. Dutch par�cipants listened to Mandarin syllable sequences, where the top-532 
layer units were also words (singular nouns, 2 Hz), but only sta�s�cal informa�on (i.e., transi�onal probabili�es) 533 
was available to build hierarchical rela�onship. Experiments 3 & 4. Dutch par�cipants listened to Dutch syllable 534 
sequences, where the top-layer units were noun pairs (1 Hz) that violated gramma�cal rules. To build hierarchical 535 
rela�onships from these sequences, mul�ple types of structural cues were available. Experiments 5 & 6. Dutch 536 
par�cipants listened to Mandarin Chinese syllable sequences, where the top-layer units were noun pairs (1 Hz), and 537 
only sta�s�cal informa�on was available to establish hierarchy. The key takeaway from these experiments is that 538 
cor�cal tracking effects can be elicited regardless of the number of available cues (i.e., single vs. mul�ple) or the 539 
depth of hierarchy (i.e., two vs. three levels), and the cor�cal distribu�on reflects the varia�on across condi�ons, 540 
such as the availability of structural cues. b. Theore�cal model explaining the neural observa�ons. The theore�cal 541 
model was constructed based on the experimental results, isola�ng and integra�ng the roles of different neural 542 
readouts (i.e., phase synchroniza�on and power enhancement) and types of structural cues (e.g., prosodic, 543 
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sta�s�cal, and linguis�c) across �me, frequency, and spa�al dimensions. c. Bivariate analyses of the neural data. 544 
Connec�vity analyses were conducted on sequences (both Dutch and Mandarin) where the top-layer units were 545 
noun pairs (1 Hz). All es�ma�ons supported the theore�cal model and provided in-depth evidence for how 546 
hierarchical rela�onships are constructed. d. Encoding simula�ons using CNNs. Based on the neural results and the 547 
theore�cal model, we simulated the hierarchical encoding process using convolu�onal neural networks (CNNs). The 548 
simula�on results validated the theore�cal model, supported the neural observa�ons, and reflected the availability 549 
of structural cue. The interconnec�ons among various sec�ons are depicted by arrows, where the blue, orange, 550 
and grey arrows indicate ‘lead to’, ‘validate’, and ‘mutually support’, respec�vely. D and C denote Dutch s�muli and 551 
Mandarin Chinese s�muli, respec�vely. 552 

  553 
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Supplementary Fig. 2. Neural tracking of linguis�c structures. 554 

 555 

a. Three types of Dutch syllable sequences were used in Experiment 1. A sample disyllabic noun sequence (T1), a 556 
random syllable sequence (T2), and a backward-played random syllable sequence (T3), are shown in red, dark blue, 557 
and light blue, respec�vely. In the plots, each circle represents one syllable, and the gray shading within the circles 558 
reflects the associa�on across syllables. b. Neural power spectrums corresponding to the three types of sequences. 559 
A significant power peak was found at 2 Hz and 4 Hz for T1 sequences, while only a 4 Hz peak was observed for T2 560 
and T3 sequences (three stars indicate p < 0.005). The shaded area on each line represents two SEMs centered 561 
around the mean. The topographies illustrate the weights of each sensor when spa�ally extrac�ng the op�mized 562 



27 
 

neural response at 2 Hz and 4 Hz (for T1 sequences only). c, d. The cor�cal surface plots display the source power 563 
localiza�ons, with the le� and right plots represen�ng the le� and right hemispheres, respec�vely. The red areas 564 
mark the regions with pronounced ac�vity, where darker colors indicate higher t-values. The lower panels show the 565 
magnitude of the source power effect, with the gray bars depic�ng 2 SEMs centered around the means. e. The le�, 566 
middle, and right panels show the sensor space phase coherence for T1, T2, and T3 sequences, respec�vely. The 567 
averaged phase coherence at 1, 2, and 4 Hz is shown with solid, dash-doted, and doted lines, respec�vely. 568 
Significant phase coherence was iden�fied at 2 Hz and 4 Hz for T1 sequences, while only a significant 4 Hz phase 569 
coherence was detected for T2 and T3 sequences. The sta�s�cal baseline is indicated by the orange lines. The 570 
averaged phase coherence at all other frequencies is shown in solid gray lines, and the individual-level phase 571 
coherence is depicted by transparent thinner lines. f, g. The brain surface plots depict the cor�cal localiza�on of the 572 
averaged phase coherence (1 to 4 seconds a�er audio onset). The red areas highlight the detected pronounced 573 
regions, with darker red colors indica�ng higher t-values. The lower panels show the averaged phase coherence 574 
(within the cluster) over �me. The shaded area in each line represents 2 SEMs centered around the mean.   575 

  576 
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Supplementary Fig. 3. Neural tracking of sta�s�cal structures. 577 

 578 

a. Three types of Mandarin Chinese syllable sequences were used in Experiment 2. A sample disyllabic noun 579 
sequence (T1), a random syllable sequence (T2), and a backward-played random syllable sequence (T3), are shown 580 
in red, dark blue, and light blue, respec�vely. In the plots, each circle represents one syllable, and the gray shading 581 
within the circles reflects the associa�on across syllables. b. Neural power spectrums corresponding to the three 582 
types of sequences. A significant power peak was found at 2 Hz and 4 Hz for T1 sequences, while only a 4 Hz peak 583 
was observed for T2 and T3 sequences (three stars indicate p < 0.005). The shaded area on each line represents 584 
two SEMs centered around the mean. The topographies illustrate the weights of each sensor when spa�ally 585 
extrac�ng the op�mized neural response at 2 Hz and 4 Hz (for T1 sequences only). c, d. The cor�cal surface plots 586 
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display the source power localiza�ons, with the le� and right plots represen�ng the le� and right hemispheres, 587 
respec�vely. The red areas mark the regions with pronounced ac�vity, where darker colors indicate higher t-values. 588 
The lower panels show the magnitude of the source power effect, with the gray bars depic�ng 2 SEMs centered 589 
around the means. e. The le�, middle, and right panels show the sensor space phase coherence for T1, T2, and T3 590 
sequences, respec�vely. The averaged phase coherence at 1, 2, and 4 Hz is shown with solid, dash-doted, and 591 
doted lines, respec�vely. Significant phase coherence was iden�fied at 2 Hz and 4 Hz for T1 sequences, while only 592 
a significant 4 Hz phase coherence was detected for T2 and T3 sequences. The sta�s�cal baseline is indicated by 593 
the orange lines. The averaged phase coherence at all other frequencies is shown in solid gray lines, and the 594 
individual-level phase coherence is depicted by transparent thinner lines. f, g. The brain surface plots depict the 595 
cor�cal localiza�on of the averaged phase coherence (1 to 4 seconds a�er audio onset). The red areas highlight the 596 
detected pronounced regions, with darker red colors indica�ng higher t-values. The lower panels show the 597 
averaged phase coherence (within the cluster) over �me. The shaded area in each line represents 2 SEMs centered 598 
around the mean.   599 

  600 
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Supplementary Fig. 4. Neural tracking of linguis�c and sta�s�cal structures.  601 

 602 

a. Three types of Dutch syllable sequences were used in Experiment 4. A sample disyllabic noun sequence (T1), a 603 
random syllable sequence (T2), and a backward-played random syllable sequence (T3), are shown in red, dark blue, 604 
and light blue, respec�vely. In the plots, each circle represents one syllable, and the gray shading within the circles 605 
reflects the associa�on across syllables. Due to the training in Experiment 3, every two consecu�ve disyllabic nouns 606 
(or four syllables; without replacement) in each s�mulus could be sta�s�cally combined to form a noun pair (1 Hz 607 
units). The associa�on at 1 Hz across syllables is indicated by the shape of the outlines of the circles. b. Neural 608 
power spectrums corresponding to the three types of sequences. A significant power peak was found at 1, 2, and 4 609 
Hz for T1 sequences, while only a 4 Hz peak was observed for T2 and T3 sequences (three stars indicate p < 0.005). 610 
The shaded area on each line represents two SEMs centered around the mean. The topographies illustrate the 611 
weights of each sensor in spa�ally extrac�ng the op�mized neural response at 1, 2, and 4 Hz (for T1 sequences 612 
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only). c, d, e. The cor�cal surface plots display the source power localiza�ons, with the le� and right plots 613 
represen�ng the le� and right hemispheres, respec�vely. The red areas mark the regions with pronounced ac�vity, 614 
where darker colors indicate higher t-values. The lower panels show the magnitude of the source power effect, 615 
with the gray bars depic�ng 2 SEMs centered around the means. f. The le�, middle, and right panels show the 616 
sensor space phase coherence for T1, T2, and T3 sequences, respec�vely. The averaged phase coherence at 1, 2, 617 
and 4 Hz is shown with solid, dash-doted, and doted lines, respec�vely. Significant phase coherence was detected 618 
at 1, 2, and 4 Hz for T1 sequences, whereas only significant 4 Hz phase coherence was observed for T2 and T3 619 
sequences. The sta�s�cal baseline is indicated by the orange lines. The averaged phase coherence across 620 
par�cipants at all other frequencies is shown in solid gray lines, while the individual-level phase coherence is 621 
depicted by transparent thinner lines. g, h, i. The brain surface plots depict the cor�cal localiza�on of the averaged 622 
phase coherence (1 to 4 seconds a�er audio onset). The red areas highlight the pronounced regions (with darker 623 
red colors indica�ng higher t-values). The lower panels show the averaged phase coherence (within the cluster) 624 
over �me. The shaded area in each line covers 2 SEMs centered around the mean.  625 

  626 
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Supplementary Fig. 5. Neural tracking of hierarchical sta�s�cal structures.  627 

 628 

a. Three types of Mandarin Chinese syllable sequences were used in Experiment 6. A sample disyllabic noun 629 
sequence (T1), a random syllable sequence (T2), and a backward-played random syllable sequence (T3), are shown 630 
in red, dark blue, and light blue, respec�vely. In the plots, each circle represents one syllable, and the gray shading 631 
within the circles reflects the associa�on across syllables. Due to the training in Experiment 5, every two 632 
consecu�ve disyllabic nouns (or four syllables, without replacement) in each sequence could be sta�s�cally 633 
combined to form a novel compound (1 Hz units). The associa�on at 1 Hz across syllables is indicated by the shape 634 
of the outlines of the circles. b. Neural power spectrums corresponding to the three types of sequences. A 635 
significant power peak was found at 1, 2, and 4 Hz for T1 sequences, while only a 4 Hz peak was observed for T2 636 
and T3 sequences (three stars indicate p < 0.005). The shaded area on each line represents two SEMs centered 637 
around the mean. The topographies illustrate the weights of each sensor in spa�ally extrac�ng the op�mized 638 
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neural response at 1, 2, and 4 Hz (for T1 sequences only). c, d, e. The cor�cal surface plots display the source power 639 
localiza�ons, with the le� and right plots represen�ng the le� and right hemispheres, respec�vely. The red areas 640 
mark the regions with pronounced ac�vity, where darker colors indicate higher t-values. The lower panels show the 641 
magnitude of the source power effect, with the gray bars depic�ng 2 SEMs centered around the means. f. The le�, 642 
middle, and right panels show the sensor space phase coherence for T1, T2, and T3 sequences, respec�vely. The 643 
averaged phase coherence at 1, 2, and 4 Hz is shown with solid, dash-doted, and doted lines, respec�vely. 644 
Significant phase coherence was detected at 1, 2, and 4 Hz for T1 sequences, whereas only significant 4 Hz phase 645 
coherence was observed for T2 and T3 sequences. The sta�s�cal baseline is indicated by the orange lines. The 646 
averaged phase coherence across par�cipants at all other frequencies is shown in solid gray lines, while the 647 
individual-level phase coherence is depicted by transparent thinner lines. g, h, i. The brain surface plots depict the 648 
cor�cal localiza�on of the averaged phase coherence (1 to 4 seconds a�er audio onset). The red areas highlight the 649 
pronounced regions (with darker red colors indica�ng higher t-values). The lower panels show the averaged phase 650 
coherence (within the cluster) over �me. The shaded area in each line covers 2 SEMs centered around the mean.  651 

  652 
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Supplementary Fig. 6. Acous�c normaliza�on and analysis. 653 

 654 

a. Temporal dynamics of Dutch sample sequences used in the study. The upper, middle, and lower panels show the 655 
T1, T2, and T3 sequences, respec�vely. In the figure, the black transparent lines represent the actual waveforms of 656 
the speech s�muli over �me, and the colored solid lines indicate the corresponding temporal envelopes. To 657 
op�mize the isochronicity of the s�muli, each syllable was truncated or zero-padded to 0.25 seconds and then 658 
tapered at both ends (5%), and its RMS value was normalized to -22 dB. The dura�on of each syllable is marked by 659 
black doted-line enclosed rectangles. c. The red, dark blue, and light blue lines show the averaged temporal 660 
envelopes (100 sequences, resampled to 200 Hz) of T1, T2, and T3 sequences, respec�vely. The colored shading 661 
around each line represents 2 SEMs centered around the mean. d. To show the physical match across different 662 
types of sequences over �me, a representa�onal similarity matrix (RSM) was es�mated. Specifically, the cosine 663 
similarity between each possible pair of sequences was calculated and tested against a permuta�on-derived 664 
threshold (θ = 0.66). Sta�s�cal analysis indicated that the sequences were physically well-matched both within and 665 
across types in the �me domain. g. The red, dark blue, and light blue lines show the averaged power spectrum 666 
corresponding to T1, T2, and T3 sequences, respec�vely. The colored shading on each line represents 2 SEMs 667 
centered around the mean. Sta�s�cal comparisons indicated that the power at 2 Hz and 4 Hz was significantly 668 
stronger than their neighboring frequency bins for T1 sequences (three stars indicate p < 0.005). In contrast, only a 669 
significant 4 Hz power was iden�fied for T2 and T3 sequences. c, d, f, h. The same normaliza�ons and analyses 670 
were applied to the Mandarin Chinese s�muli. The comparisons corresponding to the Dutch counterparts are 671 
shown in the lower panel. Similar results were obtained for the Mandarin Chinese s�muli, except that only 672 
significant 4 Hz power was detected in the temporal envelopes of the three types of sequences.   673 

  674 
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Supplementary Fig. 7. Recurrent probabilis�c model for genera�ng sequences in training. 675 

 676 

For each individual, a set of ten disyllabic words was randomly sampled from a pool of twenty. These ten words 677 
were then stochas�cally arranged into two sets of five. The full combina�on of these sets (5 × 5) yielded twenty-678 
five 4-syllable noun-pair structures (1 second each). To embed sta�s�cal cues at mul�ple hierarchical levels (e.g., 679 
word and noun-pair layers) for learning, we employed a Markovian probabilis�c framework to generate syllable 680 
sequences, each containing one, two, or three noun pairs. This approach ensured that the transi�onal probability 681 
(TP) between words within a noun pair was 1/5, and the TP between noun pairs (above the word level) was 1/25, 682 
from an overall perspec�ve. In the figure, {w} represents the selected set of ten words, the red transparent oval 683 
illustrates the recurrent probabilis�c model, and {NCS} denotes the set of generated sequences used for training. 684 
The rightmost panel displays several sample sequences, with sta�s�cal associa�ons between words and between 685 
noun pairs indicated by grey arrows. Grey shading within the circles marks grouping at the word level (2 Hz; two 686 
syllables per word), while the shapes of the circles' outlines indicate syllable associa�ons at the noun-pair level (1 687 
Hz; four syllables per noun pair).  688 



36 
 

Supplementary Fig. 8. Simula�ons of connec�vity across layers.  689 

 690 

To demonstrate how strong connec�vity occurred between layers when the response at one unit in a higher layer 691 
was a linear combina�on of the units layered below, simula�ons were conducted. Specifically, we generated 1,000 692 
pairs of vectors (n = 10) and computed the corresponding difference vectors for each pair. Connec�vity was 693 
es�mated by calcula�ng the cosine similarity between the resul�ng difference vectors and their components. A 694 
sta�s�cal reference was established using the same connec�vity measurement between the difference vectors and 695 
randomly generated vectors (on the same scale). a. Trial-level simula�on results. The red, blue, and black doted 696 
lines show the connec�vity between the difference vectors and their first component (v1), second component (v2), 697 
and random vectors (r1), respec�vely. A clear patern can be observed, where the degree of connec�vity in the 698 
targeted condi�ons (v1 and v2) is higher than in the reference condi�on (r1). b. To make sta�s�cal inferences, a 699 
one-way ANOVA was conducted to compare the means of the three condi�ons. The analysis indicated a significant 700 
difference across the means (F (2, 2997) = 95.06, p < 9.37e-41). Further pairwise comparisons using paired-sample 701 
t-tests (FDR corrected) showed that the degree of connec�vity for v1 (t (999) = 14.60, p < 6.53e-44) and v2 (t (999) 702 
= 13.98, p < 1.03e-40) was significantly stronger than for r1, and the connec�vity for v1 and v2 was comparable (t 703 
(999) = 0.19, p < 0.84). In the figure, the gray bars represent 2 SEMs centered around the means. 704 

  705 
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Supplementary Fig. 9. Simula�ons of cross-layer connec�vity in space.  706 

 707 

 708 

To illustrate the spa�al mechanism for cross-layer communica�on and validate the neural connec�vity results, 709 
simula�ons were conducted under condi�ons where one or mul�ple types of structural cues were accessible. a. 710 
The spa�al distribu�on of the integra�ons of acous�c features (mimicking cor�cal distribu�on) tracked by various 711 
types of cues. In the figure, green, purple, yellow, and grey symbols represent associa�ons driven by linguis�c, 712 
sta�s�cal, physical, and composi�on-dependent informa�on, respec�vely. The spa�al rela�onships among these 713 
various types of representa�ons were simulated using 2D Gaussian, where the means along the horizontal and 714 
ver�cal axes were set to one for cue-based representa�ons (i.e., linguis�c, sta�s�cal, and physical informa�on) and 715 
zero for dependent ones (e.g., noise). The standard devia�ons were normalized to one for both axes and remained 716 
consistent across all types. The ra�o between cue based (e.g., linguis�c, sta�s�cal, and physical informa�on) and 717 
dependent representa�ons was set at 1.5 (6/4) to simulate the real hierarchical building process, reflec�ng that the 718 
number of structural representa�ons exceeded that of dependent features' combina�ons. b. Trial-level simula�on 719 
results. To test whether a dominant distribu�on would emerge when mul�ple structural cues were accessible, a 720 
randomized simula�on was conducted 30 �mes. In each trial, we randomly split the spa�al distribu�on into two 721 
parts (see Supplementary Fig. a), where one part contained 40% to 60% (50% on average) of all representa�ons 722 
(symbols). Since each symbol represents an integra�on of tracked acous�c features, its ac�va�on was modeled as a 723 
weighted combina�on of its components. According to our model, we assigned a random weight between 0.9 and 724 
1 for cue-based representa�ons and between 0 and 0.2 for dependent ones. We then calculated the average 725 
connec�vity (cosine similarity) of all symbols to their components in the first (A1) and second part (A2), and 726 
compared these to a sta�s�cal reference, computed as the connec�vity of all symbols with randomly generated 727 
vectors (Ref). In Supplementary Fig. b, the red, yellow, and black-doted lines represent the simulated connec�vity 728 
for A1, A2, and the reference, respec�vely. c. Averaged connec�vity across all condi�ons. A one-way ANOVA 729 
revealed a significant difference across the three condi�ons (F (2, 87) = 1462.05, p < 1.10e-67). Further pairwise 730 
comparisons (paired sample t-test, FDR corrected) indicated that the degree of connec�vity for A1 (t (29) = 55.56, p 731 
< 5.19e-31) and A2 (t (29) = 52.27, p < 3.00e-30) was significantly stronger than for the reference, while 732 
connec�vity between A1 and A2 was comparable (t (29) = 0.74, p = 0.46). d, e, f. The figures present the 733 



38 
 

counterpart results for simula�ons where only one type of structural cue was available. The parameters (e.g., the 734 
ra�o, number of randomiza�ons, and method for calcula�ng connec�vity) were iden�cal to those used in the 735 
mul�-cue simula�on. Sta�s�cal analysis revealed a significant difference across the means (F (2, 87) = 1546.46, p < 736 
1.03e-68), and pairwise comparisons indicated that the connec�vity for A1 (t (29) = 60.54, p < 4.40e-32) and A2 (t 737 
(29) = 48.68, p < 2.32e-29) was significantly stronger than the reference. More importantly, the connec�vity 738 
strength for A1 was significantly higher than that for A2 (t (29) = 5.76, p < 3.08e-06). 739 

  740 
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Supplementary Table 1. Dutch materials. 741 

 742 

  743 

tij ger tijger tiger 
ta fel tafel table 
la waai lawaai noise 
var ken varken pig 
be zem bezem broom 
tar we tarwe wheat 
hal te halte station 
ba naan banaan banana 
ri vier rivier river 
wei de weide pasture 
gor dijn gordijn curtain 
ze nuw zenuw nerve 
sei zoen seizoen season 
sui ker suiker sugar 
bo ter boter butter 
li moen limoen lemon 
ko ning koning king 
ha mer hamer hammer 
le pel lepel spoon 
wor tel wortel carrot 
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Supplementary Table 2. Mandarin Chinese materials 744 

 745 

  746 

怀 (huái)  表 (biǎo) 怀表 (huái biǎo) pocket watch 
键 (jiàn) 盘 (pán) 键盘 (jiàn pán) keyboard 
相 (xiàng) 机 (jī) 相机 (xiàng jī) camera 
电 (diàn) 视 (shì) 电视 (diàn shì) televison 
熨 (yùn) 斗 (dǒu) 熨斗 (yùn dǒu) iron 
衣 (yī) 柜 (guì) 衣柜 (yī guì) wardrobe 
冰 (bīng) 箱 (xiāng) 冰箱 (bīng xiāng) refrigerator 
吉 (jí) 他 (tā) 吉他 (jí tā) guitar 
沙 (shā) 发 (fā) 沙发 (shā fā) sofa 
帐 (zhàng) 篷 (péng) 帐篷 (zhàng péng) tent 
腰 (yāo) 带 (dài) 腰带 (yāo dài) belt 
牙 (yá) 膏 (gāo) 牙膏 (yá gāo) toothpaste 
钢 (gāng) 笔 (bǐ) 钢笔 (gāng bǐ) pen 
篮 (lán) 球 (qiú) 篮球 (lán qiú) basketball 
汽 (qì) 车 (chē) 汽车 (qì chē) car 
围 (wéi) 巾 (jīn) 围巾 (wéi jīn) scarf 
台 (tái) 灯 (dēng) 台灯 (tái dēng) table lamp 
钱 (qián) 包 (bāo) 钱包 (qián bāo) wallet 
耳 (ěr) 环 (huán) 耳环 (ěr huán) earring 
皮 (pí) 鞋 (xié) 皮鞋 (pí xié) leather shoe 
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