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Abstract

During online speech processing, our brain tracks the acoustic fluctuations in speech at dif-

ferent timescales. Previous research has focused on generic timescales (for example, delta

or theta bands) that are assumed to map onto linguistic features such as prosody or sylla-

bles. However, given the high intersubject variability in speaking patterns, such a generic

association between the timescales of brain activity and speech properties can be ambigu-

ous. Here, we analyse speech tracking in source-localised magnetoencephalographic data

by directly focusing on timescales extracted from statistical regularities in our speech mate-

rial. This revealed widespread significant tracking at the timescales of phrases (0.6–1.3 Hz),

words (1.8–3 Hz), syllables (2.8–4.8 Hz), and phonemes (8–12.4 Hz). Importantly, when

examining its perceptual relevance, we found stronger tracking for correctly comprehended

trials in the left premotor (PM) cortex at the phrasal scale as well as in left middle temporal

cortex at the word scale. Control analyses using generic bands confirmed that these effects

were specific to the speech regularities in our stimuli. Furthermore, we found that the phase

at the phrasal timescale coupled to power at beta frequency (13–30 Hz) in motor areas. This

cross-frequency coupling presumably reflects top-down temporal prediction in ongoing

speech perception. Together, our results reveal specific functional and perceptually relevant

roles of distinct tracking and cross-frequency processes along the auditory–motor pathway.

Author summary

How we comprehend speech—and how the brain encodes information from a continuous

speech stream—is of interest for neuroscience, linguistics, and research on language disor-

ders. Previous work that examined dynamic brain activity has addressed the issue of com-

prehension only indirectly, by contrasting intelligible speech with unintelligible speech or

baseline activity. Recent work, however, suggests that brain areas can show similar stimu-

lus-driven activity but differently contribute to perception or comprehension. To directly

address the perceptual relevance of dynamic brain activity for speech encoding, we used a

straightforward, single-trial comprehension measure. Furthermore, previous work has
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been vague regarding the analysed timescales. We therefore base our analysis directly on

the timescales of phrases, words, syllables, and phonemes of our speech stimuli. By incor-

porating these two conceptual innovations, we demonstrate that different areas of the

brain track acoustic information at the time-scales of words and phrases. Moreover, our

results suggest that the motor cortex uses a cross-frequency coupling mechanism to pre-

dict the timing of phrases in ongoing speech. Our findings suggest spatially and tempo-

rally distinct brain mechanisms that directly shape our comprehension.

Speech consists of hierarchically organised linguistic segments such as phrases, words, sylla-

bles, and phonemes [1,2]. To comprehend speech, a listener needs to parse the continuous

stream into these segments [3]. One mechanism that has been proposed to fulfil such a role is

the tracking of speech information in dynamic brain activity (often termed speech-to-brain

entrainment) [4,5]. Such tracking is observed as a precise alignment of rhythmic brain activity

to the temporal characteristics of speech. Previous studies commonly focused on brain activity

at the timescales of traditional delta (1–4 Hz) and theta (4–8 Hz) bands [2,6,7,8]. These have

been suggested to reflect the neural processing of prosodic and syllabic speech features [e.g.,

3]. However, such a general association between timescales in brain activity and speech prop-

erties is difficult [9]. First, there are large interindividual differences in speaking rate and use

of prosody. For example, the syllabic rate (sometimes interchangeably used with speech mo-

dulation rate) has been found within a range of 2 to 20 Hz across studies [10,11,12,13]. This

indicates that the syllabic rate does not always fall into the often used theta frequency band.

Second, the association between specific timescales and linguistic or phonological features

remains ambiguous because multiple properties have been associated with delta (stress, into-

nation, phrase structure) [14,15,16] and theta bands (syllables, jaw movements) [17,18]. In the

present study, we therefore take a different approach and first extract linguistic timescales

from the speech corpus, based on stimulus-specific regularities. We then use these to investi-

gate the neural mechanisms underlying speech encoding. We believe that any observed neural

or perceptual effects at these linguistically specific timescales allow a more straightforward and

mechanistically more specific interpretation than effects at generic timescales.

The functional interpretation of speech-to-brain entrainment is further hampered by a lack

of a systematic assessment of where (in the brain) and at which timescale it is relevant for a

perceptual outcome. By combining neural recordings with a behavioural measure, it has

recently been shown that much distributed neural activity represents processes contributing to

sensory encoding and perception, and only some focal activity is causally related to perceptual

decisions [19,20]. Brain areas can therefore have similar stimulus-driven responses but differ-

ent causal relationships with perceptual decisions [20]. By contrast, most studies attempting to

link comprehension and speech tracking have done so only indirectly (i.e., without probing

perceptual decisions) (but see [21]). These studies typically vary speech intelligibility by using

background noise [22,23], noise vocoding [7,24], reversed speech [2,25,26,27], or by shuffling

syllables [28]. Thereby, they have revealed a link between neural delta and theta band tracking

and intelligibility during listening to continuous speech [2,5,21]. Interestingly, some of these

studies have demonstrated widespread low-frequency tracking across the brain, going beyond

auditory cortex and encompassing prefrontal and motor areas [2,22]. However, because many

studies contrast brain activity during actual speech encoding with a surrogate dataset reflecting

no speech–brain relation, these only demonstrate the existence of a speech-to-brain encoding

process but not its functional or perceptual relevance. This notion is also supported by the

Speech tracking in auditory and motor regions

PLOS Biology | https://doi.org/10.1371/journal.pbio.2004473 March 12, 2018 2 / 19

and analysis, decision to publish, or preparation of

the manuscript. Wellcome Trust https://wellcome.

ac.uk/ (grant number 098433) to JG. The funder

had no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: BA, Brodmann area; cv, coefficient

of variation; FDR, false discovery rate; HG, Heschl

gyrus; LCMV, linear constraint minimum variance;

MEG, magnetoencephalography; MI, mutual

information; MRI, magnetic resonance image;

MTG, middle temporal gyrus; n.s., not significant;

PAC, phase-amplitude coupling; PM, premotor;

Tsum, summed t values.



finding that auditory entrainment can be observed for subthreshold stimuli [29], suggesting

that there is no necessary perceptual consequence of this tracking process. Therefore, it

remains uncertain whether and where the tracking of speech by dynamic brain activity is per-

ceptually relevant for comprehension at the single-trial level.

In the present study, participants performed a comprehension task on natural, structurally

identical sentences embedded in noise. Sentences were semantically unpredictable, but mean-

ingful. Using magnetoencephalography (MEG), we analysed speech tracking (quantified by

mutual information [MI]) in source-localised data at the single-trial level. We then directly

tested the perceptual relevance of speech tracking at timescales mapping onto linguistic cate-

gories such as phrasal elements, words, syllables, and phonemes.

Results

Behavioural results

Participants listened to single sentences and indicated after each trial which (out of 4) target

words occurred in the sentence. Participants reported the correct target word, on average, in

69.7 ± 7.1% (mean ± SD) of trials, with chance level being 25%. Performance of individual par-

ticipants ranged from 56.1% to 81.1%, allowing a comparison between correct and incorrect

trials for each participant.

Overall speech tracking

The MI between the source-localised, Hilbert-transformed MEG time series and the Hilbert-

transformed speech envelope was computed within 4 frequency bands. These reflected the rates

of phrases (0.6–1.3 Hz), words (1.8–3 Hz), syllables (2.8–4.8 Hz), and phonemes (8–12.4 Hz) in

the stimulus corpus (for an example sentence, see Fig 1). The boundaries of each band were

defined based on the slowest and fastest event per linguistic category across sentences (see Mate-

rials and methods). When compared to surrogate data, speech MI was significant in all analysed

frequency bands (Fig 2A; phrases: Tsum(19) = 32,262.9, p< .001; words: Tsum(19) = 22,2243.8,

p< .001; syllables: Tsum(19) = 13,428.6, p< .001; phonemes: Tsum(19) = 1,294.0, p = .018). As in

previous studies, MI was strongest in early auditory areas [2,22,30] and decreased with increas-

ing frequency [6,22]. Tracking of phrases, words, and syllables was reflected in a bilateral cluster,

whereas phoneme tracking was only significant in the right hemisphere. These results confirm

the previously reported existence of speech encoding in rhythmic brain activity versus a null

hypothesis of no encoding but do not speak on the perceptual relevance.

Fig 1. Example sentence from the stimulus material. Shown is the acoustic waveform (black line) as well as its segmentation into phrases, words,

syllables, and phonemes (last word only). Example sentence deposited in the Dryad repository: https://doi.org/10.5061/dryad.1qq7050 [31].

https://doi.org/10.1371/journal.pbio.2004473.g001
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Perceptually relevant speech tracking

To localise cortical regions where entrainment was functionally relevant for comprehension,

we statistically compared MI between correct and incorrect trials within each band (hereafter

called ‘perceptually relevant’). This yielded significant left-hemispheric clusters in 2 frequency

bands (Fig 2B). For the phrasal timescale (0.6–1.3 Hz), MI was larger for correctly versus

incorrectly comprehended trials in a cluster comprising left pre- and postcentral regions,

supramarginal gyrus, and Heschl gyrus (HG; Tsum(19) = 568.00, pcluster = .045; 205 grid points).

Fig 2. Overall and perceptually relevant speech tracking in the 4 stimulus-tailored frequency bands. (A) Significant areas for comparison

between true MI values and surrogate data (t test, cluster-corrected). The used frequency bands map onto timescales for phrases (0.6–1.3

Hz), words (1.8–3 Hz), syllables (2.8–4.8 Hz), and phonemes (8–12.4 Hz). (B) Clusters where speech tracking MI was larger for correctly

comprehended compared to incorrectly comprehended trials (t test, cluster-corrected). Data deposited in the Dryad repository: https://doi.

org/10.5061/dryad.1qq7050 [31]. MI, mutual information; n.s., not significant.

https://doi.org/10.1371/journal.pbio.2004473.g002

Speech tracking in auditory and motor regions

PLOS Biology | https://doi.org/10.1371/journal.pbio.2004473 March 12, 2018 4 / 19


