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Summary

Historically, researchers have considered the cerebellum a coordinator of motor programs that
ensures precise timing of movements and their adaptation to external events'. However, it has
become increasingly clear that this role is not restricted to the motor systen?. Rather, the
cerebellum seems to play an important role in temporal prediction in general, as shown in its
involvement in multiple functions that rely on precise event timing®. Although previous work
suggested that the cerebellum exclusively predicts the interval between two events’, rather than
tracking a global rhythm, it is also active when a rhythmic stimulus changes in rate®. The latter
finding is in line with a cerebellar role in speech processing® that entails frequent rate changes’.
Neural mechanisms underlying the cerebellum's involvement in speech processing, however,
remain poorly understood. Moreover, there is a lack of studies contrasting speech and non-speech
stimuli to establish speech-specificity of the observed effects®. In a re-analysis of
magnetoencephalography (MEG) data’, we found that activity in the cerebellum aligned to rhythmic
sequences of noise-vocoded speech, irrespective of its intelligibility. We then tested whether these
“entrained” responses persist, and how they interact with other brain regions, when the rhythmic
stimulus stopped and temporal predictions had to be updated. We found that only intelligible
speech produced rhythmic responses in the cerebellum that outlasted the stimulus. During this
“entrainment echo”, but not during rhythmic speech itself, cerebellar activity was coupled with
that in the left inferior frontal gyrus (IFG), and specifically at rates corresponding to the preceding
stimulus rhythm. This finding represents unprecedented evidence for specific cerebellum-driven
temporal predictions in speech processing and their relay to cortical regions.
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Results
Overview

Participants listened to rhythmic sequences of noise-vocoded, monosyllabic words (Fig. 1A) that
were presented at 2 Hz or 3 Hz and either intelligible (16-channel speech) or unintelligible and
noise-like (1-channel speech). The main aim of the original work’ was to test for the existence of
“entrainment echoes”, rhythmic brain responses that are produced by a rhythmic stimulus and
persist for some cycles after its offset’". Endogenous neural oscillations play a critical role in the
field of “neural entrainment™?, but are difficult to demonstrate during a rhythmic stimulus, as
multiple alternatives can explain a rhythmic neural response®. Entrainment echoes are measured
immediately affer the rhythmic stimulus and therefore support the involvement of endogenous
oscillations, which should, once entrained, outlast the stimulus before going back to their natural
state'. As the offset of the rhythmic stimulus violates temporal expectation (induced by the
stimulus rhythm), entrainment echoes might also give insight into neural mechanisms underlying
participants’ prediction of upcoming events®™.

The original study’ did reveal rhythmic entrainment echoes in the MEG that were strongest at
posterior sensors (Fig. 1B). Source-level analyses, however, were restricted to the cortical surface
and did not produce clear results. Here, we hypothesized that the cerebellum is a driving force
behind the observed sensor-level echoes and involved in the update of temporal prediction that
is required when a stimulus stops®.

Neural entrainment in the cerebellum and its echo

Based on the original study’, we computed an index that quantified rhythmic brain responses
specific to the stimulus rate. This measure was labelled rate-specific response (RSR) and was
obtained by contrasting rhythmic responses (quantified using inter-trial coherence, ITC) at a
frequency that corresponds to the stimulus rate, with those at the same frequency but during
stimulation at a different rate (see Methods). An RSR that is reliably larger than 0 during or after
the rhythmic sounds reflects an entrained response or its echo, respectively (see Methods and
ref’). We computed the RSR on the source level with a focus on the cerebellum.

We first tested whether activity in the cerebellum entrains to the stimulus rhythm. The original
study, along with previous work®*-8, already demonstrated entrained activity in auditory, motor,
and inferior frontal cortical areas. Here, we found that this network includes the cerebellum.
During presentation of rhythmic sounds, RSR was reliably larger than 0 in a cluster that comprised
the whole cerebellum (Fig. Sl). This was the case for intelligible (p = 0.0003, summed t = 136410,
22375 voxels in cluster) and unintelligible speech (p = 0.0003, summed t = 141530, 22375 voxels in
cluster). Entrainment (i.e., RSR > 0) remained significant and constant in the cerebellum for all
time points preceding the first omitted word (time 0 in Fig. 1C; horizontal lines correspond to FDR-
corrected p < 0.05). However, it did not differ between intelligible and unintelligible speech (no
significant cluster). This is in contrast to entrainment in auditory and inferior frontal areas, where
an advantage for intelligible speech was described before, including in the original study®*".
Together, the cerebellum entrains to rhythmic speech sounds irrespective of their intelligibility.
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Figure 1. Paradigm, previous results, and source-localised entrainment echo. A Experimental paradigm
Participants listened to rhythmic sequences of intelligible or unintelligible speech and were asked to detect
rhythmic irregularities (red). B The original study revealed sustained rhythmic brain responses after
sequence offset, produced only by intelligible speech, in the sensor cluster marked with plus signs. The
“entrainment echo” was quantified as rate-specific responses (RSR: see Methods). T-statistics were
obtained from a t-test against 0 (reflecting the null hypothesis). C. RSR in the cerebellum as a function of
time, for the cluster shown in D. Time 0 corresponds to the first omitted word in the sequence. The
horizontal lines show time points with significant RSR (FDR-corrected). The shaded areas correspond to
time-windows of interest to test for entrained (brown) and sustained (blue) rhythmic brain responses,
defined in the original study'. D. Source-localised t-statistics (RSR against 0) for sustained rhythmic
responses in the intelligible condiition (the equivalent on the sensor level is shown in B). Voxels included in
the statistically significant cluster in the cerebellum are shown in brighter colours, the other voxels are
faded out. E As in [, but for the contrast between intelligible and unintelligible speech. Panels A and B are
reproaduced from the original publicatior?.

We next tested whether entrained activity in the cerebellum persists after a sequence offset - the
hypothesized “entrainment echo”. Fig. 1D shows the source-localized RSR (as t-statistic; see
Methods), averaged within the silent period after intelligible speech. We found a cluster of voxels
in the cerebellum with a reliable RSR after intelligible (p = 0.048, summed t = 9417.4, 3989 voxels
in cluster) but not unintelligible speech (no significant cluster). This cluster comprised areas Crus
Il and Crus | and showed a reliably stronger RSR after intelligible than after unintelligible speech
(Fig. 1E; p = 0.039, summed t = 11446, 4579 voxels). Numerically, the entrainment echo in the Crus
I/l cluster was strongest throughout the brain (Figs. 1D,E show RSR values for all voxels, including
those not included in the statistical analysis and therefore faded out). The time-resolved RSR (Fig.
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C) further demonstrates that this echo was not driven by the omission of an expected stimulus
(time 0 in Fig. 1C) but concerned the whole silent period between stimulus sequences. Note again
that the speech-specific entrainment echo, visible in Fig. 1C, is not preceded by speech-specific
entrainment in the cerebellum. Together, these results suggest that the sensor-level echo (Figs.
1B) found previously’ is driven by the cerebellum and only present after intelligible speech.

Sustained rhythmic responses in the cerebellum drive left inferior frontal gyrus (IFG)

We then investigated whether rhythmic responses in the cerebellum interacted with activity in
other brain regions. We focused on the cerebellar region with the strongest sustained response
(bilateral Crus Il), and tested its directed connectivity (see Methods) with two other regions of
interests (ROI), selected based on their strong entrained response in the same dataset (Fig. 2C in
ref?). These ROI were bilateral superior temporal gyrus (STG) and inferior frontal gyrus (IFG, pars
opercularis), both known to contribute to speech perception?®-%. Responses were averaged across
left and right Crus Il due to their proximity and highly correlated activity (e.g., r = 0.76, p = 0.0001
for RSR in intelligible speech). As an equivalent to RSR, we computed a measure of connectivity
that is only different from 0 if the underlying connectivity is specific to the stimulus rate (rate-
specific connectivity, RSC; see Methods). In this case, the sign of RSC reflects the directionality
(ROI A driving ROI B or vice versa).

Fig. 2A shows average RSC values and their distribution in the silent period, for connections
between Crus Il and each hemisphere of the other two ROIs. We found that Crus Il reliably drives
left IFG after both intelligible and unintelligible speech (intelligible: t(19) = 3.20, p = 0.005;
unintelligible: t(19) = 2.94, p = 0.009; both FDR-corrected p < 0.05). In addition, we found that right
STG drives Crus II, but only after unintelligible speech (intelligible: t(19) = -1.75, p = 0.10;
unintelligible: t(19) = -2.65, p = 0.016; unintelligible FDR-corrected p < 0.05). In contrast, we did not
find any reliable rate-specific connectivity during rhythmic sound presentation (all FDR-corrected
p's > 0.40). When contrasting RSC values across ROls, conditions (intelligible vs unintelligible), and
time periods (sound vs silence), we found a significant interaction between ROl and time period
(repeated-measures ANOVA: F(3,57) = 7.5, p = 0.0004; significant main effect of ROl was not
interpreted due to the significant interaction). This was driven by an RSC between Crus Il and left
IFG that was higher during silence than during sound, and an RSC between Crus Il and right IFG as
well as between Crus Il and right STG that was higher during sound than during silence.

Our principal hypothesis focused on the cerebellum and its connectivity with two cortical ROIs
involved in speech processing. In less constraint analyses, Figs. 2B,C explore and illustrate the
reported effects further. Fig. 2B shows RSC between Crus Il and other cortical regions during (top
row) and after (bottom row) intelligible (left column) and unintelligible speech (right column).
During the entrainment echo, the left IFG was indeed the cortical region that was driven most
strongly by Crus Il. A cluster-based permutation test revealed a cluster for intelligible speech that
comprised left IFG. However, it did not reach conventional statistical significance due to the larger
number of areas included (p = 0.10, summed t = 8.38, 3 connections in cluster; no positive cluster
for unintelligible speech). The right hemisphere was dominated by negative RSC values (reflecting
connectivity with Crus Il), in particular after unintelligible speech and in a superior temporal
cluster (p = 0.13, summed t = -7.00, 3 connections in cluster).
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Figure 2. Rate-specific connectivity (RSC) results, for intelligible (left column) and unintelligible speech
(right column). A RSC during the silent period (i.e,, during the entrainment echa) for connections between
Crus Il and two bilateral cortical ROIs. Points represent data from individual participants. Red lines and
areas show mean and standard deviation, respectively. The asterisks indicate an RSC reliably different
from 0 (dashed line). B RSC between Crus Il and other cortical areas during rhythmic sounds (tap row) and
silent period (bottom row). The average RSC across participants is colour-coded. C. RSC between ROIs in
the silent period. The line thickness indicates the strength of connectivity, the colour shows the dominant
direction (one colour originates from each RO)).

Fig. 2C gives a more complete picture of the connectivity patterns between ROls during the
entrainment echo. After intelligible speech (left panel), apart from connectivity between Crus II
and left IFG described above, the right IFG drove the left IFG (t(19) = 3.35, p = 0.003; FDR-corrected
p < 0.05). In contrast, this bilateral connection was not present after unintelligible speech (right
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panel). Instead, the left IFG was driven by the right STG (t(19) = 3.57, p = 0.002; FDR-corrected p <
0.05).

In sum, we found rate-specific connectivity patterns during the entrainment echo, dominated by
Crus Il driving activity in left IFG. This result was common to both intelligible and unintelligible
speech whereas the latter involved additional recruitment of the right STG.

Discussion

When a rhythmic stimulus stops, entrained neural activity persists for some time. This effect,
termed “entrainment echo” or “forward entrainment™"?-% is a hallmark of endogenous
oscillations that have been entrained by a stimulus rhythm®?. Entrainment echoes also provide
interesting insights into neural processes that are activated when temporal predictions (induced
by a rhythmic stimulus) are violated and need to be updated. Indeed, initial theories considered
temporal prediction as one of the primary functions of neural entrainment??%.

The current results revealed that rhythmic intelligible speech produces the strongest entrainment
echoes in the cerebellum (Fig. 1D). During rhythmic speech, cerebellar activity entrained to the
stimulus rhythm, but the entrainment was reduced compared to that in auditory or frontal cortical
regions. This observation is in line with findings that the cerebellum is active when a stimulus
rhythm changes, rather than during the rhythm itself**. Further evidence shows also that patients
with cerebellar lesions struggle to adapt their tapping to a beat when the latter changes its rate®®.
Here, we did not specifically measure temporal prediction. However, the presence of entrainment
echoes in the cerebellum, together with the cerebellum's role in time perception and temporal
prediction®¥-®, suggests that entrainment echoes might be a neural signature of temporal
prediction (or its error). In future studies, these echoes might therefore become an important
variable for both the diagnosis and treatment of corresponding deficits, as evident in
schizophrenia®, dyslexia®*, autism® or attention-related disorders®. Entrainment echoes in
auditory perception only seem to occur after stimulation between 2 and 8 Hz"*. Another open
question is whether similar rate-specificity can be found for cerebellar entrainment echoes, and
whether these go along with rate-dependent changes in temporal predictions.

We also found that the cerebellar entrainment echo is not a local phenomenon but entails
information exchange with cortical regions. This conclusion is based on rate-specific connectivity
patterns (Fig. 2) that provided additional clues into the echo’s potential role in temporal prediction.
Notably, we found that the cerebellum drivesrhythmic activity in left IFG, rather than being driven.
This finding suggests that the cerebellum provides the cortex with updates about expected event
timing; in particular, it might signal errors between predicted and actual timing (prediction error®).
This notion is in line with a recent study suggesting that the adaptation to dynamic environmental
changes rely on “internal models” in the cerebellum and its connectivity with cortical areas®. It is
also supported by a reported association between cerebellum and auditory hallucination®® (often
considered to reflect false relay of prediction error®). Another possibility is that the echo in the
cerebellum reflects a memory trace of the preceding rhythm that is necessary when it has to be
compared with a new one. Such a process could be important to detect changes in the temporal
structure of a stimulus. Speech perception is highly context-dependent, including the temporal
domain: For instance, the perception of a word can depend on the rate of preceding speech®.
Accordingly, a memory of preceding speech rates, in form of the entrainment echo, might also be
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necessary for successful speech perception. These hypothetical functional roles of entrainment
echoes (relay of prediction error or memory trace) can also explain why rate-specific connectivity
was only found after, but not during the presentation of rhythmic sounds: When prediction errors
are low, or memory traces might not be needed when a stimulus does not change. Only when the
stimulus rhythm stops or changes, the corresponding mechanisms might be activated and lead to
the upregulation of connectivity that we observed.

Aprevious review? has highlighted the lack of studies that examine the cerebellum's role in speech
processing by directly contrasting speech and non-speech stimuli. This was possible in the current
work that compared responses to highly intelligible (16-channel) and unintelligible, noise-like (1-
channel) vocoded speech. The use of noise-vocoding ensured very similar broadband amplitude
envelopes® for both stimulus types that might otherwise have biased results. In addition,
entrainment echoes were not “contaminated” by motor activity, a common issue in studies
targeting the cerebellum®,

By contrasting responses to intelligible and unintelligible speech, we revealed several interesting
effects in the entrainment echo and corresponding cerebellar-cortical interactions. Firstly,
entrainment echoes were stronger after intelligible speech and occurred in cerebellar subregions
(Crus I/Il) that have been associated with speech processing®“. In contrast, echoes were not
detectable after unintelligible stimuli (Fig. 1C). Although intelligible speech produces stronger
neural entrainment in several cortical regions®"", this was not the case in the cerebellum (Fig.
1C). It is therefore unlikely that the speech-specificity in entrainment echoes is merely due to a
stronger sound-evoked response that persists after a stimulus offset, rather than a “true”
advantage for intelligible speech that is specific to the echo. It also implies that entrainment
echoes are not a simple continuation of a neural process that was already active during the
rhythmic stimulus presentation. Secondly, the connectivity between Crus Il and left IFG was
stronger after intelligible speech, whereas the additional connection from right STG to left IFG,
visible for unintelligible speech, was absent in this case (Fig. 2C). There are several possible
explanations for this finding. Based on its acoustics, 1-channel vocoded-speech can be considered
more rhythmic than 16-channel speech as all spectral frequencies are co-modulated (j.e.,
modulated by the same amplitude envelope). It is possible that auditory regions (such as STG) are
recruited more readily by such acoustic rhythms. Rhythmic irregularities in speech are easier to
detect when it is intelligible®®, possibly due to the presence of linguistic features that help
predicting upcoming information. When speech becomes unintelligible, temporal predictions
cannot capitalise on intelligibility anymore and might instead rely on acoustically driven
information. This might explain why the primary “driver” of left IFG changed from Crus Il to right
STG for unintelligible speech (see refé for a similar idea). Finally, it has been hypothesized that the
cerebellumis involved in predictions that are based on learnt associations, rather than new ones
that involve the cortex®. As participants know and understand intelligible but not unintelligible
speech, this notion can also explain the current results. Together, these findings support an
important role of the cerebellum, in particular Crus Il, in speech processing, and the existence of
a mechanism that is tailored to intelligible speech, rather than acoustic information in general.

Despite these differences in entrainment echoes and their connectivity, these results also
revealed commonalities between intelligible and unintelligible speech. In particular, rate-specific
connectivity analyses revealed left IFG as an information “receiver” in both cases. The IFG, in
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particular the left IFG, is an important hub for speech processing and strongly connected with
auditory and motor regions”. It is also implicated in predicting upcoming speech?’ and non-
speech sounds®®. Arecent study® concluded that the left IFG “supports prediction reconciliation in
echoic memory” during speech perception. This conclusion is well in line with the current results
and might explain why it received information from Crus Il and STG when expectations were
violated and such reconciliation is necessary. The echo from the cerebellum might then represent
some kind of echoic memory, as already detailed above.

Conclusion

Here we show that rhythmic intelligible speech produces rhythmic entrainment echoes in the
cerebellum. These echoes might reflect updated temporal predictions that are relayed to left IFG
and supported by right STG if the stimulus is not intelligible. These results support the idea that
the cerebellumis involved in speech processing and temporal prediction in general.

Methods

This study relies on a re-analysis of data acquired by van Bree et al’. In the following, we
summarise the experimental design and initial signal processing steps and refer to the original
publication for further detail (Experiment 1in that paper). We then provide a detailed description
of analyses that are specific to the current study (source-level and connectivity analyses).

Participants

We included data from 20 participants (10 females; mean + SD, 37 # 16 years) in the current
analysis. The original study’ was approved by the Cambridge Psychology Research Ethics
Committee (application number PRE.2015.132) and carried out in accordance with the Declaration
of Helsinki.

Stimuli and Experimental Design

Participants listened to (linguistically unrelated) monosyllabic words that were initially spoken to
a metronome beat (inaudible to participants) and then combined into rhythmic sequences (Fig. 1A).
These sequences were 2 or 3 seconds long and presented at one of two different rates (2 or 3 Hz).
Speech sequences were noise-vocoded* to manipulate their intelligibility, yielding intelligible 16-
channel vocoded speech or unintelligible, noise-like 1-channel vocoded speech. Stimuli were
presented through insert earphones that were connected to a pair of magnetically-shielded
drivers.

Participants were asked to listen to the rhythmic sequences, and to press a button when they
detected an irregularity in the rhythm of the sequence (red in Fig. 1A) that was present in 12.5 % of
sequences. While they performed the task, participants MEG was recorded, combined with
electroencephalography (EEG) that was not included in the present re-analysis. They completed a
total of 640 trials. In each trial, intelligibility (16- or 1-channel speech) and duration (2 or 3 s) of
the sequence was selected pseudo-randomly. Rate (2 Hz or 3 Hz) was kept constant within a block
and selected pseudo-randomly for each of ten blocks. Each sequence was followed by an interval
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that was silent and used to measure sustained oscillatory responses (“entrainment echoes”). This
interval was 2+x s long, where x corresponds to 1.5, 2, or 2.5 times the period of the sequence rate
(i.e. 0.75, 1, or 1.25 s in 2-Hz blocks, and 0.5, 0.666, or 0.833 s in 3-Hz blocks). x was set to 2 in 50
% of the trials.

MEG Data Acquisition and Pre-processing

A VectorView system (Elekta Neuromag) was used to collect MEG data in a magnetically and
acoustically shielded room. This system has one magnetometer and two orthogonal planar
gradiometers at each of 102 positions within a hemispheric array. Data were acquired at a
sampling rate of 1 kHz and band-pass filtered between 0.03 and 333 Hz. Five head-position
indicator (HPI) coils and two bipolar electrodes were used to monitor head position and
electrooculography activity, respectively. A 3D digitizer (FASTRAK; Polhemus, Inc.) was used to
record the positions of the HPI coils, and ~70 additional points evenly distributed over the scalp
relative to three anatomical fiducial points (the nasion and left and right preauricular points). The
temporal extension of Signal Source Separation® in the MaxFilter software (Elekta Neuromag)
was applied to suppress sources of noise, compensate for motion, and reconstruct any bad
sensors. MEG data were further processed using the FieldTrip software® as well as custom-built
scripts, both implemented in MATLAB (The MathWorks, Inc.).

MEG Signal Processing and Statistical Analyses

Rhythmic MEG responses during and after the rhythmic sequences were quantified using inter-
trial phase coherence (ITC). ITC of a signal (at a given frequency and time) is high if its phase is
consistent across trials®*%, and ranges between 0 (no phase consistency) and 1 (perfect phase
consistency). Here, this phase was estimated in sliding time windows of 1s (step size 20 ms), using
Fast Fourier Transform (FFT). Example ITC values are visualised in Fig. 1E of the original
publication’. From these time-resolved ITC values, we selected two time-windows of interest: One
that captures the neural response during the rhythmic sounds, but avoids sequence on- and
offsets (-1 s to -0.5 s relative to the first omitted word; shaded brown in Fig. 1C); the other
immediately after the rhythmic sounds, but avoiding their offset (+0.5 s to +2 s relative to the first
omitted word; shaded blue in Fig. 1C). In the original study’, entrainment echoes at the sensor level
were found in this latter window and are reproduced in Fig. 1B.

ITC values were source-localised according to the following steps. Data from gradiometers and
magnetometers were combined. (1) Co-registration of MEG data with individual Tl-weighted
structural MRI scans, based on realignment of the fiducial points. (2) Construction of individual
lead fields using a single shell head model. (3) Spatial normalisation of brain volumes to a
template MNI brain, and division into grid points of 5 mm resolution. (4) Estimation of spatial filter
for each participant using a linear constrained minimum variance beamformer algorithm (LCMV5-).
This filter is designed to isolate distinct anatomical generators of the acquired MEG signals and
might therefore work best when all regions are most and simultaneously active. Accordingly, we
only used data acquired during acoustic stimulation to estimate the filter (+0.5 s to + 2 s relative
to sequence onset). Note that this time window is difficult to compare with those used to quantify
rhythmic MEG responses (described above), as these include a spectral analysis step (FFT) that
“smears” responses in time. (5) Application of individual spatial filters to Fourier-transformed
single-trial data, separately for each of the two time-windows of interest (during and after
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rhythmic speech; -1s to -0.5 s and +0.5 s to +2 s relative to the first omitted word, respectively).
(6) Computation of ITC, using the spatially filtered, Fourier-transformed single-trials. For each of
the two stimulus rates (2 Hz and 3 Hz), this step yielded one ITC value per neural frequency of
interest (2 Hz and 3 Hz) and time window, and for each of 2982 voxels inside the brain.

Source-level ITC values were combined to a rate-specific response (RSR) index. This index was
obtained by contrasting ITC at a neural frequency that corresponds to the stimulation rate with ITC
at the same neural frequency, but during another stimulation rate:

RSR (t,v) = (ITC(f =2,r =2,t,v) —ITC(f = 2,7 =3,t,v)) +
(ITC(f =3,r =3,t,v) —ITC(f =3,r =2,t,v))

where fis the neural frequency for ITC, ris the sequence rate, and #and vare the time and voxel
for which RSR is calculated, respectively. Note that an RSR larger than 0 reflects a rhythmic
response that follows the stimulation rate at that time #and in voxel v To test for reliable rhythmic
neural responses, we therefore compared the RSR against 0, using Student's t-test (one-tailed,
reflecting the one-directional hypothesis). Given our study aim, we restricted this analysis to
voxels in the cerebellum. We used an atlas-based parcellation for this purpose (AAL-Atlas® in
FieldTrip). We tested for rate-specific rhythmic responses separately for the two time-windows of
interest and averaged RSR within each window. An RSR that reliably exceeds 0 in the first time
window (during rhythmic sounds) demonstrates cerebellar activity aligned to the stimulus rhythm.
An RSR that reliably exceeds 0 in the second time window (after rhythmic sounds) demonstrates
that this rhythmic activity outlasts the stimulus at a frequency that corresponds to the stimulus
rate, an effect that was termed “entrainment echo” and a hallmark of entrained endogenous
oscillations®™?.

Statistically reliable effects were then determined by means of cluster-based permutation tests*
(5,000 permutations). Clusters (Fig. 1D,E) were considered significant if the probability of obtaining
their cluster statistic (sum of t-values) in the permuted dataset was < = 5%. Corresponding effects
in time (Fig. 1C) were corrected for multiple comparisons using False Discovery Rate (FDR).

To test for connectivity between the cerebellum and other brain regions, we first selected the part
of the cerebellum with the strongest entrainment echoes in the analysis (bilateral Crus II; see
Results). We then selected two bilateral regions of interest (ROI) that responded strongly to the
rhythmic sounds in the initial study (Fig. 2C in ref’) and are known to be involved in speech
processing®-%% the Superior Temporal Gyrus and Inferior Frontal Gyrus (pars opercularis).

We used spatial filters to construct time series for each dipole orientation in source space,
resulting in three time series per voxel. Atlas-based parcellation was then applied to reduce the
data to the 6 (3 bilateral) ROIs. Using singular value decomposition (SVD), the three strongest
components (explaining most of the variance) from all dipoles in each ROl were extracted. From
the resulting time series, we again selected two time-windows of interest, one centred on the
rhythmic speech sequences (-1 to 0 s relative to the first omitted word), the other on the
subsequent silent period (+0.5 to +1.5 s relative to the first omitted word). Note that these time-
windows were selected to be one second long so that the output from the subsequent FFT includes
estimates at 2 and 3 Hz, the two frequencies that were contrasted to quantify rate-specific
responses and connectivity. The selected data were then subjected to a directional FFT-based
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connectivity analysis, to obtain the cross-spectral density (CSD) matrix and subsequent
computation of multivariate nonparametric Granger causality®’. We used multivariate Granger
causality (mGC) measures to compute the directed influence asymmetry index (DAI) between two
ROI:

mGC(t, f,ROIL - 2) — mGC(t, f, ROI2 - 1)
mGC (¢, f,ROI1 - 2) + mGC(t, f,ROI2 —> 1)

DAlgon (t,f) =

where £ corresponds to one of two time-windows of interest (during or after rhythmic sounds; -1
sto0sand +0.5 sto +1.5 s relative to the first omitted word, respectively), fis the neural frequency
(from the spectral transformation), and the arrows refer to the direction of mGC between the two
ROI. The sign of DAl reflects the dominant direction of information flow between the two ROIs.
Finally, we computed rate-specific connectivity (RSC) measures by following the rationale
desribed for RSR above:

RSCrop1,2(t) = (DAIR011,2 (f =2,r=2,t) = DAlgoy1, (f = 2,7 =3, t)) +

(DAIROII,Z (f =3,r=3,t) = DAlgoj1, (f =3,7r =2, t))

ris the sequence rate during (or after) which the DAl was observed. An RSC that is reliably
different from 0 indicates connectivity between regions that occurs specifically at a frequency
that corresponds to the stimulation rate. As for DA, its sign reflects the dominant direction of
information flow. For statistical analyses, we compared the RSC against 0, using Student’s t-test
(two-tailed, reflecting the two-directional hypothesis). Prior to this test, RSC was averaged across
left and right Crus Il. This was done as they are difficult to distinguish in the MEG, due to their close
proximity and evidenced by a high correlation between their values (e.g., r = 0.76, p = 0.0001 for
RSR during intelligible speech). FDR was used to correct for multiple comparisons.

References

1. Llinas, R, and Welsh, J.P. (1993). On the cerebellum and motor learning. Curr Opin Neurobiol 3 958-
965. 10.1016/0959-4388(93)90168-x.

2. Strick, P.L, Dum, RP., and Fiez, J.A. (2009). Cerebellum and Nonmotor Function. Annual Review of
Neuroscience 32 413-434.10.1146/annurev.neuro.31.060407.125606.

3. Kotz S.A, Stockert, A, and Schwartze, M. (2014). Cerebellum, temporal predictability and the
updating of a mental model. Philos Trans R Soc Lond B Biol Sci 362 10.1098/rstb.2013.0403.

4. Breska, A, and Ivry, R.B. (2018). Double dissociation of single-interval and rhythmic temporal
prediction in cerebellar degeneration and Parkinson’s disease. Proceedings of the National Academy
of Sciences 775, 12283-12288. 10.1073/pnas.1810596115.

5. Schwartze, M, Keller, P.E, and Kotz, S.A (2016). Spontaneous, synchronized, and corrective timing
behavior in cerebellar lesion patients. Behav Brain Res 372 285-293. 10.1016/j.bbr.2016.06.040.

6. Kotz, S.A, and Schwartze, M. (2010). Cortical speech processing unplugged: a timely subcortico-
cortical framework. Trends in Cognitive Sciences 74 392-399. 10.1016/j.tics.2010.06.005.


https://doi.org/10.1101/2024.03.06.583255
http://creativecommons.org/licenses/by-nc-nd/4.0/

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.06.583255; this version posted March 7, 2024. The copyright holder
for this preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display
the preprint in perpetuity. It is made available under a CC-BY-NC-ND 4.0 International license.

Tilsen, S., and Arvaniti, A (2013). Speech rhythm analysis with decomposition of the amplitude
envelope: characterizing rhythmic patterns within and across languages. J Acoust Soc Am /34, 628-
639.10.1121/1.4807565.

Skipper, J.I, and Lametti, D.R. (2021). Speech Perception under the Tent: A Domain-general Predictive
Role for the Cerebellum. Journal of Cognitive Neuroscience 33, 1517-1534. 10.1162/jocn_a_01729.

van Bree, S., Sohoglu, E, Davis, MH, and Zoefel, B. (2021). Sustained neural rhythms reveal
endogenous oscillations supporting speech perception. PLOS Biology 74, e3001142.
10.1371/journal.pbio.3001142.

Saberi, K, and Hickok, G. (2022). Forward entrainment: Psychophysics, neural correlates, and
function. Psychon Bull Rev. 10.3758/s13423-022-02220-y.

L'Hermite, S., and Zoefel, B. (2023). Rhythmic Entrainment Echoes in Auditory Perception. J. Neurosci.
10.1523/JNEUROSCI.0051-23.2023.

Lakatos, P., Karmos, G., Mehta, AD,, Ulbert, |., and Schroeder, C.E. (2008). Entrainment of neuronal
oscillations as a mechanism of attentional selection. Science 324 110-113. 10.1126/science.1154735.

Keitel, C., Quigley, C., and Ruhnau, P. (2014). Stimulus-Driven Brain Oscillations in the Alpha Range:
Entrainment of Intrinsic Rhythms or Frequency-Following Response? J. Neurosci. 34 10137-10140.
10.1523/JNEUROSCI.1904-14.2014.

Thut, G., Schyns, P., and Gross, J. (2011). Entrainment of Perceptually Relevant Brain Oscillations by
Non-Invasive Rhythmic Stimulation of the Human Brain. Front. Psychol. 2 10.3389/fpsyg.2011.00170.

Zoefel, B, ten Oever, S., and Sack, AT. (2018). The Involvement of Endogenous Neural Oscillations in
the Processing of Rhythmic Input: More Than a Regular Repetition of Evoked Neural Responses.
Front. Neurosci. 72 10.3389/fnins.2018.00095.

Gross, J., Hoogenboom, N,, Thut, G., Schyns, P., Panzeri, S, Belin, P., and Garrod, S. (2013). Speech
Rhythms and Multiplexed Oscillatory Sensory Coding in the Human Brain. PLOS Biology 77 1001752.
10.1371/journal.pbio.1001752.

Park, H, Ince, RAA, Schyns, P.G,, Thut, G., and Gross, J. (2015). Frontal top-down signals increase
coupling of auditory low-frequency oscillations to continuous speech in human listeners. Curr Biol
25,1649-1653. 10.1016/j.cub.2015.04.049.

Keitel, A, Gross, J., and Kayser, C. (2018). Perceptually relevant speech tracking in auditory and
motor cortex reflects distinct linguistic features. PLOS Biology 76, e2004473.
10.1371/journal.phio.2004473.

Peelle, J.E, Gross, J., and Davis, MH. (2013). Phase-locked responses to speech in human auditory
cortex are enhanced during comprehension. Cereb. Cortex 23, 1378-1387. 10.1093/cercor/bhsl18.

Zekveld, AA, Heslenfeld, D.J., Festen, J.M, and Schoonhoven, R. (2006). Top-down and bottom-up
processes in speech comprehension. Neurolmage 32, 1826-1836. 10.1016/j.neuroimage.2006.04.199.

Davis, MH, and Johnsrude, I.S. (2003). Hierarchical Processing in Spoken Language Comprehension.
J. Neurosci. 23 3423-3431.10.1523/JNEUROSCI.23-08-03423.2003.

Sohogly, E, Peelle, J.E, Carlyon, RP., and Davis, M.H. (2012). Predictive top-down integration of prior
knowledge during speech perception. J Neurosci 32, 8443-8453. 10.1523/JNEUROSCI.5069-11.2012.


https://doi.org/10.1101/2024.03.06.583255
http://creativecommons.org/licenses/by-nc-nd/4.0/

23.

24,

25.

26.

21.

28.

29.

30.

31.

32

33.

34.

35.

36.

317.

38.

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.06.583255; this version posted March 7, 2024. The copyright holder
for this preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display
the preprint in perpetuity. It is made available under a CC-BY-NC-ND 4.0 International license.

Lakatos, P., Musacchia, G., O'Connel, M.N,, Falchier, AY., Javitt, D.C., and Schroeder, C.E. (2013). The
spectrotemporal filter mechanism of auditory selective attention. Neuron 77 750-761.
10.1016/j.neuron.2012.11.034.

Spaak, E, Lange, F.P. de, and Jensen, 0. (2014). Local Entrainment of Alpha Oscillations by Visual
Stimuli Causes Cyclic Modulation of Perception. J. Neurosci. 34 3536-3544.
10.1523/JNEUROSCI.4385-13.2014.

Hickok, G., Farahbod, H., and Saberi, K (2015). The Rhythm of Perception: Entrainment to Acoustic
Rhythms Induces Subsequent Perceptual Oscillation. Psychol Sci 24, 1006-1013.
10.1177/0956797615576533.

Farahbod, H,, Saberi, K, and Hickok, G. (2020). The rhythm of attention: Perceptual modulation via
rhythmic entrainment is lowpass and attention mediated. Atten Percept Psychophys 82 3558-3570.
10.3758/s13414-020-02095-y.

Haegens, S., and Zion Golumbic, E. (2018). Rhythmic facilitation of sensory processing: A critical
review. Neurosci Biobehav Rev 84, 150-165. 10.1016/j.neubiorev.2017.12.002.

Large, EW, and Jones, MR. (1999). The dynamics of attending: How people track time-varying events.
Psychological Review 706, 119-159. 10.1037/0033-295X.106.1.119.

Schroeder, C.E, and Lakatos, P. (2009). Low-frequency neuronal oscillations as instruments of
sensory selection. Trends Neurosci. 32 9-18. 10.1016/j.tins.2008.09.012.

OReilly, J.X, Mesulam, MM, and Nobre, A.C. (2008). The Cerebellum Predicts the Timing of
Perceptual Events. J. Neurosci. 28 2252-2260. 10.1523/JNEUROSCI.2742-07.2008.

Leggio, M., and Molinari, M. (2015). Cerebellar Sequencing: a Trick for Predicting the Future.
Cerebellum 74, 35-38. 10.1007/512311-014-0616-x.

Roth, M.J.,, Synofzik, M., and Lindner, A. (2013). The Cerebellum Optimizes Perceptual Predictions
about External Sensory Events. Current Biology 23, 930-935. 10.1016/j.cub.2013.04.027.

Schwartze, M, and Kotz, S.A (2013). A dual-pathway neural architecture for specific temporal
prediction. Neuroscience & Biobehavioral Reviews 37, 2587-2596. 10.1016/j.neubiorev.2013.08.005.

Lakatos, P., Schroeder, C.E, Leitman, D.I., and Javitt, D.C. (2013). Predictive suppression of cortical
excitability and its deficit in schizophrenia. J. Neurosci. 33 11692-11702. 10.1523/JNEUROSCI.0010-
13.2013.

Casini, L, Pech-Georgel, C., and Ziegler, J.C. (2018). It's about time: revisiting temporal processing
deficits in dyslexia. Dev Sci 27 10.1111/desc.12530.

Beker, S., Foxe, J.J.,, and Molholm, S. (2021). Oscillatory entrainment mechanisms and anticipatory
predictive processes in children with autism spectrum disorder. J Neurophysiol 726, 1783-1798.
10.1152/jn.00329.2021.

Calderone, D.J., Lakatos, P., Butler, P.D., and Castellanos, F.X (2014). Entrainment of neural
oscillations as a modifiable substrate of attention. Trends Cogn. Sci. (Regul. Ed.) 78 300-309.
10.1016/j.tics.2014.02.005.

Popa, LS., and Ebner, T.J. (2019). Cerebellum, Predictions and Errors. Front Cell Neurosci /2, 524.
10.3389/fncel.2018.00524.


https://doi.org/10.1101/2024.03.06.583255
http://creativecommons.org/licenses/by-nc-nd/4.0/

39.

40.

41.

42.

43.

44,

45.

46

417.

48.

49.

50.

51

52.

53.

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.06.583255; this version posted March 7, 2024. The copyright holder
for this preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display
the preprint in perpetuity. It is made available under a CC-BY-NC-ND 4.0 International license.

Stockert, A, Schwartze, M,, Poeppel, D., Anwander, A, and Kotz, S.A. (2021). Temporo-cerebellar
connectivity underlies timing constraints in audition. eLife 70 e67303. 10.7554/eLife.67303.

Pinheiro, AP., Schwartze, M, and Kotz, S.A (2020). Cerebellar circuitry and auditory verbal
hallucinations: An integrative synthesis and perspective. Neurosci Biobehav Rev 778, 485-503.
10.1016/j.neubiorev.2020.08.004.

Horga, G., Schatz, KC., Abi-Dargham, A, and Peterson, B.S. (2014). Deficits in Predictive Coding
Underlie Hallucinations in Schizophrenia. J. Neurosci. 34, 8072-8082. 10.1523/JNEUROSCI.0200-
14.2014.

Bosker, HR. (2017). Accounting for rate-dependent category boundary shifts in speech perception.
Atten Percept Psychophys 79, 333-343. 10.3758/s13414-016-1206-4.

Shannon, RV, Zeng, F.G., Kamath, V., Wygonski, J., and Ekelid, M. (1995). Speech recognition with
primarily temporal cues. Science 270 303-304. 10.1126/science.270.5234.303.

Lesage, E, Hansen, P.C,, and Miall, R.C. (2017). Right Lateral Cerebellum Represents Linguistic
Predictability. J. Neurosci. 37, 6231-6241. 10.1523/JNEUROSCI.3203-16.2017.

Zoefel, B, Gilbert, RA, and Davis, MH. (2023). Intelligibility improves perception of timing changes in
speech. PLOS ONE 78 e0279024. 10.1371/journal.pone.0279024.

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing. Nat Rev Neurosci &
393-402.10.1038/nrn2113.

Cope, T.E, Sohoglu, E, Sedley, W, Patterson, K, Jones, P.S., Wiggins, J., Dawson, C., Grube, M,
Carlyon, R.P,, Griffiths, T.D,, et al. (2017). Evidence for causal top-down frontal contributions to
predictive processes in speech perception. Nat Commun & 2154. 10.1038/s41467-017-01958-7.

Diirschmid, S., Edwards, E, Reichert, C., Dewar, C., Hinrichs, H., Heinze, H.-J., Kirsch, HE, Dalal, S.S,,
Deouell, LY., and Knight, RT. (2016). Hierarchy of prediction errors for auditory events in human
temporal and frontal cortex. Proceedings of the National Academy of Sciences 773 6755-6760.
10.1073/pnas.1525030113.

Cope, T.E, Sohoglu, E, Peterson, KA, Jones, P.S,, Rua, C., Passamonti, L, Sedley, W, Post, B,
Coebergh, J., Butler, C.R, et al. (2023). Temporal lobe perceptual predictions for speech are
instantiated in motor cortex and reconciled by inferior frontal cortex. Cell Reports 42 112422.
10.1016/j.celrep.2023.112422.

Tauly, S., Simola, J., and Kajola, M. (2005). Applications of the signal space separation method. IEEE
Transactions on Signal Processing 53, 3359-3372. 10.1109/TSP.2005.853302.

Oostenveld, R, Fries, P., Maris, E, and Schoffelen, J.-M. (2010). FieldTrip: Open Source Software for
Advanced Analysis of MEG, EEG, and Invasive Electrophysiological Data. Computational Intelligence
and Neuroscience 2077 e156869. 10.1155/2011/156869.

Lachaux, J.-P., Rodriguez, E,, Martinerie, J., and Varela, F.J. (1999). Measuring phase synchrony in
brain signals. Human Brain Mapping & 194-208. 10.1002/(SICI)1097-0193(1999)8:4<194::AID-
HBM4>3.0.C0;2-C.

Makeig, S., Debener, S., Onton, J., and Delorme, A. (2004). Mining event-related brain dynamics.
Trends in Cognitive Sciences 8 204-210. 10.1016/j.tics.2004.03.008.


https://doi.org/10.1101/2024.03.06.583255
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.06.583255; this version posted March 7, 2024. The copyright holder
for this preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display
the preprint in perpetuity. It Is made available under a CC-BY-NC-ND 4.0 International license.

54. Van Veen, B.D,, Van Drongelen, W, Yuchtman, M, and Suzuki, A (1997). Localization of brain electrical
activity via linearly constrained minimum variance spatial filtering. IEEE Transactions on Biomedical
Engineering 44, 867-880. 10.1109/10.623056.

55. Tzourio-Mazoyer, N, Landeau, B,, Papathanassiou, D, Crivello, F., Etard, O., Delcroix, N,, Mazoyer, B,
and Joliot, M. (2002). Automated anatomical labeling of activations in SPM using a macroscopic
anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 75 273-289.
10.1006/nimg.2001.0978.

56. Maris, E., and Oostenveld, R. (2007). Nonparametric statistical testing of EEG- and MEG-data. Journal
of Neuroscience Methods 764, 177-190. 10.1016/j.jneumeth.2007.03.024.

57. Abbasi, 0., Steingraber, N, Chalas, N, Kluger, D.S,, and Gross, J. (2023). Spatiotemporal dynamics

characterise spectral connectivity profiles of continuous speaking and listening. PLOS Biology 2/,
€3002178. 10.1371/journal.pbio.3002178.

Supplementary Figures

A 16-channel vs null B 1-channel vs null
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Figure SI. Source-localised RSR (t-statistics) during intelligible (A) and unintelligible (B) speech. An RSR >
0 reflects an entrained brain response. Voxels in the cerebellum are shown in brighter colours. Given our
hypothesis, only the cerebellum was included in the statistical analysis (t-values are shown for other
voxels only for completeness), revealing a significant cluster in the whole cerebellum
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