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Abstract

Understanding how subcortical and cortical systems interact to guide human motor timing
remains a core question in systems neurophysiology. The cerebellum has long been
implicated to have a major role in motor timing but due to a lack of high time-resolution
techniques its physiology has remained poorly understood in humans. Here we report the
results of an experiment to record non-invasively from the human cerebrum and cerebellum
during synchronisation acquisition, proposed to be a form of conditioning, in response to a
vestibular metronome, considered as a train of unconditional stimuli. Three randomly
ordered tempi were used so that the tempo could not be determined until the second element.
The inter-trial interval between presentations was also random, so that the first onset was
likewise unpredictable. 10 human subjects were recruited and trained to carry out a foot
tapping task while recording EEG and electro-cerebellogram (ECeG) with a 10% cerebellar
extension montage, along with foot tap force and accelerometry. The behavioural results
showed that the subjects were able to achieve synchrony within three to four taps. Analysis of
potentials indicated that these parallel the behavioural data, reaching a steady state after three
to four repetitions of the unconditional stimuli. Wavelet analysis of the high-frequency ECeG
power confirmed the presence of unconditioned and conditioned ECeG pausing. Source
analysis of the potentials also confirmed the likely presence of both unconditioned and
conditioned short latency cerebellar evoked and predictive responses, consistent with the
participation of conditioned climbing fibre response (C-CFR) activity, along with
anticipatory SMA sources. Within the SMA source we also observed tempo-dependent post-
N2 movement related down-ramp timed to make a zero-crossing about 100 ms prior to target
irrespective of tempo. We argue that these data and exploratory analyses suggest the
involvement of a cortico-basal ganglia-cerebellar-hippocampal adaptive learning network
driven by a C-CRF/beta burst reward signal and a novel short interval time ramping

mechanism.
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1 Introduction

The cerebellum has long been implicated to have a major role in motor timing as cerebellar
patients have deficits in both production and perception of time intervals (Ivry and Keele 1989).
However, the cerebellum is also known to be part of a network of other brain areas also
involved in timing, including the basal ganglia (Kung et al. 2013; Penhune et al. 1998), but
these are described in different terms and in different combinations of brain areas by different
theorists. Lewis & Miall (2003) refer to “automatically” and “cognitively” controlled systems,
with the cerebellum largely associated with “automatic” motor timing. Grahn & Rowe (2012)
associate the basal ganglia with beat based rhythms, and thus a “beat prediction” system, while
they found that the cerebellum was more activated with irregular rhythms. Teki et al. (2011)
similarly associate the basal ganglia with “beat-based” auditory timing, while the cerebellum
is more associated with “duration-based” timing in their scheme. Todd and Lee (2015a, 2015b)
in an alternative perspective on rthythm perception, described two systems for “externally” vs

“internally” guided action involving respectively the cerebellum and basal ganglia.

One task in particular, that of classical eye-blink conditioning, has been well-studied for the
role of the cerebellum in the acquisition of timed condition responses (CRs) to anticipate an
unconditional stimulus (US), such as an eye-puff (Marr 1969; Albus 1971; Ito 2001; Gerwig
et al. 2007). It is believed that cerebellar learning takes place from the conjunction of climbing
fibre (CF) and mossy fibre (MF)/parallel fibre (PF) inputs which respectively signal the US
and conditional stimuli (CS) (Marr 1969; Albus 1971). A climbing fibre response (CFR)
recorded intracellularly is characterised by an initial field potential associated with a complex
spike followed by pausing in the spontaneous simple spiking activity (Eccles et al. 1969;
Latham and Paul 1971). A conditioned response is signalled in the cerebellum by pausing or
suppression in the simple spike activity in anticipation of the US (Albus 1971; Jirenhead and
Heslow 2016). However, eye-blink conditioning also gives rise to conditioned complex spikes
following a CS, referred to as CS-complex spikes (Ohmae and Medina 2015; ten Brinke et al.
2019), which may signal novelty or that a US is to be expected, driving higher order acquisition.
CS-complex spikes tend to occur as a pair within 100 ms following CS onset before CR onset,
depending on the modality of the CS (ten Brinke et al. 2019). Thus following learning, two
distinct conditioned changes may occur: (i) paired CS-complex spikes at a fixed time following

CS onset and (ii) anticipatory conditioned pausing of simple-spike activity prior to US onset.



Recent developments in non-invasive electrophysiology have shown that, contrary to prior
belief, the posterior lobe of the cerebellum at least is within the range of EEG and MEG
sensors (Anderson et al 2020; Todd et al 2017, 2018a). In our prior work we have shown that
it is possible to record both cerebellar evoked potentials (CEPs) and the spontaneous activity
of the cerebellum, the electrocerebellogram (ECeG), the latter characteristically containing
much higher frequency content than EEG (Todd et al. 2018b, 2019). Using these techniques
we have been able to demonstrate the non-invasive recording of plasticity of cerebellar
activity during classical eye-blink condition in which anticipatory conditioned pausing of
simple-spike activity is manifest in a reduction of high frequency ECeG power (Todd et al
2021a, 2022). We were also able to generalise to voluntary eye-blink conditioning where an
imperative stimulus or command is substituted for the unconditional stimulus (Todd et al.
2024b). In these experiments a climbing-fibre response (CFR) typically is observed in pause-
bursting of the high-frequency ECeG, a manifestation of modulation of underlying simple-
spike activity (Eccles et al 1967). These data also showed some evidence of paired CS-related
CFRs (Todd et al 2022). In addition to eye-blink responses, CFRs and associated pause-
bursting can also be readily evoked and recorded in humans to unconditional vestibular and
postural perturbations which activate vestibular and axial muscle spindle receptors (Todd et
al 2021b; Govender et al. 2024). Most recently we showed evidence of modulation of the
ECeG associated with movement related potentials during self-paced spontaneous upper and
lower limb movements (Todd et al 2023; Todd et al. 2024b). The vestibular CEP (VsCEP)
and movement related changes in the ECeG have now been confirmed by other groups (e.g.

Romero et al. 2025; Lattore et al. 2025).

The above results led us to hypothesise that we might be able to generalise further from
voluntary (Ivanov-Smolensky) eye-blink conditioning to record non-invasively from the
human cerebellum during Ivanov-Smolensky conditioning of somatic motor actions in a
timing task. One such task is sensory-motor synchronisation (SMS). SMS entails the
temporal coordination of actions with external rhythmic events. Laboratory tasks
investigating SMS typically require an individual to align the timing of simple movements
(e.g., finger taps) with repetitive events in pacing sequences presented in auditory, visual, or
other sensory modalities (Repp, 2005; Todd, Keller, et al., 2024). A large body of research
has addressed the mechanisms that enable individuals to maintain SMS (Keller et al., 2014;
Repp, 2005; Repp & Su, 2013; Snyder et al., 2024) but the process of establishing it has

received less attention. Previous work indicates that establishing synchrony at the start of a
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trial, or re-establishing it after an unexpected tempo change, typically takes around three to
four cycles (Fraisse & Repp, 2012; Novembre et al., 2017; Repp, 2005; Semjen et al., 1998).
The rapid acquisition of synchrony may occur due to sharpening of temporal expectancies as
uncertainty about phase and tempo decreases with the accumulation of information about

event timing (Cannon, 2021).

We had previously theorised that SMS could be viewed as a form of Ivanov-Smolensky
conditioning such that each successive element of a target metronome sequence could act as
both as an US to the preceding and a CS to the following elements (Todd et al 2024b).
Synchronisation would be achieved when the somatic response had become conditioned to
anticipate each US in the sequence, analogous to classical eye-blink conditioning. Although
the vestibular US is relatively weak for classical (Pavlovian) eye-blink conditioning, when
employed as an imperative stimulus for Ivanov-Smolensky conditioning it is more consistently
effective. In terms of expected changes in the spontaneous and evoked ECeG we would expect
to see the two kinds of changes described in the animal work, i.e. CS-related CFRs following
each US/CS, independent of any US-related CFRs, and conditioned pausing in the high-
frequency ECeG prior to onset of each successive US. However, we also anticipate the
observation of parallel effects within the cerebrum accompanying any cerebellar changes. In
our prior work on recording from the cerebellum during classical conditioning we also
observed the presence of a contingent negative variation (CNV) in central leads (Todd et al.
2023), thus implying that cerebellar changes may be necessary, but are not alone sufficient to
account for the behaviour, consistent with the cerebellum as working in concert with a network
of areas for timing behaviour. Of critical importance to interpretation, we should expect that
CS-related CFRs (or C-CFRs), manifestations of CS-complex spikes, should not behave as
signals of error correction, as CRFs are classically interpreted (Marr 1969; Albus 1971), but
rather signals of prediction for the benefit of the whole network of areas engaged in timing

behaviour (ten Brinke et al. 2019).

The present paper reports the result of an experiment to test the above theory of successive
conditioning to explain the role of the cerebellum in SMS with pacing sequences presented in
the vestibular modality. The vestibular system not only influences the perception of rhythms
presented in other sensory modalities (Phillips-Silver & Trainor, 2005, 2008; Todd, 1999;
Todd & Lee, 2015), but vestibular stimuli are themselves potent drivers of rhythmic

responses (Todd et al., 2024a). Therefore, in order to maximise chances of observing the
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hypothesised effects we chose a vestibular metronome in the form of head taps (Todd et al.
2008), rather than a more traditional auditory metronome, as head taps have been shown to
give rise to robust CFRs and associated post-CFR pausing (Todd et al. 2018, 2019). Further,
it is well-known that the vestibular VIII nerve projects to the cerebellum both as mossy and
climbing fibres, directly as well as via the vestibular nuclei, thus well capable as acting as
both a CS and US in the Marr/Albus/Ito framework. Also we have previously demonstrated
at least weak classical conditioning with a vestibular US (Todd et al. 2021). From Todd et al.
(2024b) it appeared that right-foot dorsi/plantar-flexion was the most effective manipulandum
for observing movement-related changes in the ECeG, and the antagonist soleus and tibialis
anterior muscles are easily accessible for robust EMG measurements. Thus in the experiment
subjects were required to synchronise right foot tapping to a vestibular metronome. Although
we would expect movement related signals associated with the active condition, we would

still expect predictive and conditioned components in the passive condition.

To test the theory of successive conditioning, our analyses examine the transition from initial
acquisition of synchronisation to the steady state of maintaining synchrony at behavioural and
neural levels. The behavioural analyses decompose the physiology of foot tapping responses
into different stages while neural analyses focus on differences in the profiles of initial brain
responses versus steady state responses in terms of their topography and latency. We included
active (foot tapping) and passive (no tapping) task conditions to separate stimulus-related and
movement-related components, and the presentation rate of the pacing sequences was varied
to dissociate early from late processes. In anticipation of cerebral effects accompanying any
cerebellar changes, exploratory source analyses were used to suggest underlying brain
networks. This enabled us to propose a circuit diagram that accounts for the role of cerebellar
and related pathways in connectivity across cerebral and sub-cortical brain regions during

SMS.

To summarise our position, we propose that the role of the cerebellum in the acquisition of
SMS is as a substrate for a form of successive conditioning in which each successive element
of a pacing sequence acts as both US and CS. From a Marr-Albus perspective this means that
each element can simultaneously activate both CF and MF/PF inputs facilitating rapid
predictive adaptation in the form of conditioned pausing of simple-spike activity prior to US
onset and CS related or conditioned CFRs (C-CFRs). Both forms of predictive adaptation will

be manifest non-invasively in the high-frequency ECeG as pre- and post-US conditioned



pausing. As C-CFRs tend to occur as doublets post-US conditioned pausing will manifest as a
double burst-pause in the high-frequency ECeG. In contrast to the conventional Marr-Albus
perspective, however, C-CFRs do not behave as signals of error, but rather as signals of

reward prediction.
2 Methods
2.1 Subjects

On the basis of our prior conditioning studies (Todd et al. 2021b, 2023a, 2024b), a cohort of
10 healthy adult subjects (4 males, 6 female), with no known neurological or vestibular deficits,
were recruited from staff and students at the Prince of Wales Hospital and the University of
Western Sydney. Nine were right handed and one left handed (self-report). Five of the 10 had
prior musical experience. Written informed consent was obtained from all subjects. The study
was approved by the local ethics committees (South Eastern Sydney Local Health District
Human Research Ethics Committee and Western Sydney University Human Research Ethics

Committee).

2.2 Stimuli

The stimuli consisted of a train of seven impulsive accelerations (a 3" order gamma
waveform with a 4 ms rise time) generated using a laboratory interface (CED Power1401,
Cambridge Electronic Design, Cambridge, UK), a custom power amplifier and customised
software. These were delivered using a mini-shaker device (model 4810, Briiel & Kjar P/L,
Denmark) with an attached cylindrical perspex rod (diameter: 2.5 cm, length 9.2 cm) applied
to the right mastoid process. The stimulator was mounted on a 2:1 lever which could rotate
freely in the horizontal plane and pivoted on an adjustable stand. A torque was applied at the
opposite end of the lever by means of a 1 kg weight suspended by wire over a pulley below
the fulcrum giving rise to a tonic applied force of approximately 3.5 N (Todd et al. 2008b).
The drive voltage was fixed at 2 V peak corresponding to a peak head acceleration of about
0.1 g. The impulse train was arranged to have three alternative inter-pulse intervals of 500,

600 or 700 ms, represented in the Signal software as three alternative states.

2.3 Electrophysiological Recording



FIGURE 1 HERE

EEG was recorded using a 104 (96 cap + 8 external, EasyCap GmbH) channel custom 10%
cerebellar extension montage, as illustrated in Figure 1 (Heine et al. 2020), with ActiveTwo
amplifiers and ActiView software (BioSemi, Holland). 100 of the 104 channels were from
cephalic electrode sites, including a pair of electrodes were placed infra-ocularly (IO). The last
four of external electrodes were used to record EMG from the right tibialis anterior and soleus
muscles. The sampling rate was 4096 Hz. For each of the three tempi, a unique digital code
was assigned and recorded as a trigger code in the EEG file via the BioSemi trigger box at the

start of each trial.
2.4 Accelerometry and Tap Force Recording.

In addition to the electrophysiological recording the foot tap force was recorded using a wide
bar load cell (HTC-Sensor TAL201) connected to an Arduino Duemilanove board (Arduino)
via an amplifier shield (Load Cell/Wheatstone Amplifier Shield, RobotShop) sampled at 10
kHz by the same CED 1401 used to drive the stimulator. Foot acceleration was also recorded
by a BioSemi 2D accelerometer attached to the side of the right foot and sampled at 4096
kHz via the BioSemi Ergo input of the ActiveTwo AD Box. However, due a fault with the x-
direction of the accelerometer the y-direction only was available, and scaled up
approximately from the foot geoemetry in the figures, but not used subsequently in the

analysis.

2.5 Procedure

FIGURE 2 HERE

Subjects were introduced to the experimental shielded booth where the recording was
conducted and seated in front of a visual display unit (VDU) and instructions were read to
them. They were informed that the experiment was to record their ability to synchronise with
the rhythm of a head tap and shown the shaker set up. For each trial they would receive seven
head taps and their task was to synchronise foot tapping to the rhythm starting on the 2™ tap.
The recording would take place in eight blocks alternating between passive (Figure 2A) and
active (Figure 2B) blocks. In the active blocks subjects were to tap their right foot on a force

plate comfortably placed under their right foot with an ankle rest to avoid fatigue. In the
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passive blocks subjects were to stay relaxed but mentally (silently) count the taps. At the start
of an active block subjects were to tonically dorsiflex their right foot in readiness for a trial.
Between blocks and in the passive blocks their right foot rested on the force plate. At the start
of each block subjects were presented with a pictograph on the VDU to inform them whether
the block was active or passive with reminder of instructions. Once the instructions were
understood each subject was given one active block as a practise and any errors corrected.
Following the practise block the EEG cap and electrodes were emplaced along with EMG

electrodes to record from the right leg muscles and accelerometer.

Once the subject was ready to proceed and the stimulator located on the right mastoid, the
subject initiated the start of the experimental blocks by pressing the space bar of a
conveniently located keyboard. For each trial within a block the stimulus sequence was
presented randomly alternating between the three rates with inter-pulse intervals of 500, 600
or 700 ms, corresponding to a fast, medium, and slow tempo, respectively. The inter-trial
interval was randomized between 5 to 10 seconds so that the onset of first pulse of the train
could not be predicted. Thus, the identity of the three alternatives could only be determined
after the arrival of the second pulse. Once a block of 15 trials (5 per tempo) had completed
subjects were told to rest while the responses were recorded and the next block initiated.
After four blocks subjects were given a short break before the final four blocks were
completed. Once practise trials were given, and recording apparatus set up, the actual

recording time was about 20 minutes, with the total procedure about one hour duration.

2.6 Data analysis

Behavioural data consisted of the force/acceleration recordings in conjunction with the EMG
from the TA and SOL muscles of the right foot. From the acceleration data it was also
possible to estimate foot velocity and displacement. For each individual subject the mean tap
force onset and peak (over an active block) could be measured by fitting a Gaussian curve to
the tap initial profile, deriving three parameters, i.e. peak amplitude, centre (time) and sigma
(standard deviation). The centre could then be used to determine the asynchrony from the
target. Individual EMG measurements were also obtainable from the mean profile for each
state. Due to cross-talk the SOL means were corrected by subtracting a proportion of the TA,

the proportion of which was obtained by correlating the TA and SOL during tonic
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dorsiflexion. For the resultant SOL bursts a Gaussian curve could also be fitted. For the TA
cycle we measured the relaxation and contraction using a sigmoid curve fit.

Before detailed EEG analysis, EOG and ECG artefacts were removed by means of the
algorithm provided by the Brain Electrical Source Analysis (BESA) software (version 7.1). A
high-pass filter of 0.3 Hz was applied for epoching and averaging and a common average
reference was employed. Following artefact removal, the EEG mean potentials across trials
were obtained for each subject for each of the six conditions, active vs passive, and three
rates, with inter-pulse intervals of 500, 600, 700 ms with an epoch of 500 ms before to 5000
ms after the onset of the first pulse. From these we obtained the grand means for the six
conditions for the purpose of source analysis. We also extracted for each subject the EEG

single trials for spectral power analysis.

2.7 Wavelet spectral power analysis of potentials

After recording EMG/EEG/ECeG and epoching, we performed spectral power analyses on all
channels over the 5.5 s epoch using the continuous wavelet transform (CWT) as implemented
in the MATLAB toolbox (R2019b, Mathworks, Natick, CA). To eliminate the effects of mains
contamination, a narrow band-stop filter at 50 Hz and all harmonics to 650 Hz was applied
prior to performance of the CWT. In the present analysis a Morlet wavelet was employed at a
density of 24 voices per octave over 9 octaves. The CWTs were further transformed to
scaleograms (time-frequency images) from the absolute value of the CWT and rescaled to be
in dB per voice re 1 uV2. Scaleograms were further split into eight frequency bands; delta (&
1.5 Hz — 3 Hz), theta (6: 3 — 6 Hz), alpha (a: 6-12 Hz), beta (: 13-30 Hz), gamma (y: 30-80
Hz), ultra-gamma (u-y: 80-160 Hz), very high frequency (VHF: 160-320 Hz) and ultra-high
frequency (UHF: 320-640 Hz). The non-standard lower alpha boundary of 6 Hz was
determined from the lobular structure of the Morlet wavelet spectral profile as implemented in
MATLAB. These non-standard low frequency ranges are approximately an octave in band-
width. The bands in turn were divided into 13 segments covering a smaller epoch for each beat
to allow for ANOVA testing of changes in power. The beat related epochs were from — 300 ms

to + 250 ms around the beat target.

2.8 Brain Electrical Source Analyses (BESA).
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We adopt here a novel source analysis procedure involving multiple runs of an unconstrained
genetic algorithm which we have previously pioneered (Todd et al., 2021a, 2024a, 2025). This
has the advantage of bein assumption free (without areas of special interest) and provides a

means to evaluate emergent source strength.

The standard four-shell ellipsoidal head model was employed with radial thicknesses of 85, 6,
7 and 1 mm for respectively the head, scalp, bone and CSF, with conductivities of 0.33, 0.33,
0.0042 and 1.0, respectively. Both cerebrum and cerebellum fall within the CSF volume
conductor and are not discriminated by the BESA algorithm. The fitting was carried out using
the BESA genetic algorithm with default parameter settings after remontaging to an average
reference. A modelling strategy was to run a 15 dipole (maximum allowed by degrees of
freedom) genetic algorithm fit 15 times to test its reproducibility. The resultant 225 locations
for each modality were then subject to a hierarchical cluster analysis, using the between-groups
linkage method with squared Euclidian distance measure, in order to eliminate the non-viable
and very weak sources. A 5 mm? standard error was imposed on the cluster volumes and any
isolated single dipole sources which resulted from that constraint were eliminated. In addition
to the mean Talairach-Tournoux coordinates of the final surviving clusters, a weight was
attributed to the clusters derived from the number of dipoles making up the cluster. For
cerebellar coordinates the Schmahmann et al. (2000) atlas was used to determine the
anatomical locations, while for other locations the Talairach Client application (version 2.4.3)

was employed with a +/- Smm cube search (see Todd et al., 2021a).

This procedure was repeated for six different epochs defined by the global field power for both
active and passive cases for the initial and steady responses. Thus a total of 24 multiple runs.
Each of these was then combined and a superordinate cluster analysis conducted from which a
cluster weight could be defined. The top 11 current sources were then selected on the basis of

weight and symmetry for a generic source model.

2.10 Wavelet spectral power of currents

After applying the source model to individual subjects we performed spectral power analyses
on currents over the 5.5 s epoch using the CWT as for the potentials using the same

segmentations for statistical analysis.
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2.11 Statistics

For the behavioural results, repeated measures ANOVA were conducted with factors of
BLOCK (1-4), TEMPO (500, 600, 700 ms), and BEAT (1 — 7) on parameters of asynchrony,
variability and foot tap force in the active condition. When comparing EMG and movement
measures, we also added a STAGE (1 — 4) factor. For the analysis of spectral power of
potentials, ANOVA were conducted with factors of TEMPO, BEAT and ACTIVITY, as
above, then with a SEGMENT (1 — 13) factor after segmentation and with a BAND factor for
spectral bands. When comparing multiple electrode sides a further ELECTRODE factor was
introduced. For the analysis of spectral power of currents, the analysis was confined to the
beta band as it was the most prominent and an ANOV A conducted using factors TEMPO,
BEAT and SEGMENT. All above analyses were done using the SPSS statistical package.

3 Results

3.1 Behavioural

FIGURE 3 HERE

Figure 3 (left column) illustrates the grand mean of EMG (TA and SOL), aligned with the tap
force and re-scaled y-acceleration for the three rates, i.e. Fig 3A 500 ms, Fig 3B 600 ms and
Fig 3C 700 ms. For all three cases the initial tap appears very similar, occurring “late” for the
500 ms case and “early” for the 700 ms case. However, the subjects appear to have
successfully achieved synchronisation within three to four taps where the tap force peak
appears to occur very close to the target stimulus onset. In order to examine the details of a
single cycle, for the 600 ms case a single cycle has been expanded in Fig 3 (right column).
For the purpose of analysis the cycle can be described in five stages consisting of (1) TA
relaxation, (2) SOL burst, (3) force peak, (4) TA contraction and (5) TA peak. This confirms
the closeness of the tap force peak (stage 3; Figure 3E) to the target stimulus onset, while the
SOL burst (stage 2; Figure 3D) peaks around 100 ms in advance. The TA relaxation and
contraction profile appears to reciprocate the SOL burst as expected where the onset of the

force decline occurs close to the cross-over of the two muscles.

FIGURE 4 HERE
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In order to quantify the above observations we consider first the asynchrony, variability and
amplitude of the foot tap force peak, as illustrated in Figure 4 which shows the ANOVA
marginal means for effects of BLOCK (1 — 4), TEMPO (500, 600 and 700 ms) and BEAT (1-
6). For the asynchrony (Figure 4A), there was a weak BLOCK effect (F(3,27) =2.9,p =
0.074, n? = 0.24 ) where the peak force became less positively asynchronous with successive
blocks, and main effects of TEMPO and BEAT (respectively F(2,18) =52, p < 0.001, 1> =
0.85 and F(5,45) =5.9, p < 0.05, 1> = 0.39), where asynchrony was reduced with successive
beats. However, both these effects could be explained by the interaction of TEMPO and
BEAT (F(10,90) = 98, p < 0.001, 1> = 0.92) which indicated that subjects achieved a small
and steady positive asynchrony of about 10 ms in peak force by the third or fourth beat,
irrespective of tempo. As noted above, the initial asynchrony was tempo dependent such that

for the faster tempo the initial response came late, while for the slower tempo it came early.

Considering the variability (Figure 4B), ANOVA also yielded main effects of BLOCK,
TEMPO and BEAT (respectively F(3,27) = 8.5, p < 0.01, > =0.49, F(2,18) = 14.4,p =
0.001, 7 =0.62 and F(5,45) = 19.1, p < 0.001, > = 0.68), indicating the tendency to
becomes less variable with succeeding blocks and beats and for variability to increase with
longer inter-tap intervals, respectively 37, 43 and 47 ms. Expressed as a percentage of the
inter-tap intervals, these are respectively, 7.4, 7.2 and 6.7 %, thus roughly showing a Weber
Law property. For the amplitude (Figure 4C), the ANOVA yielded a main effect of BEAT
only, (F(5,45) =7.0, p < 0.005, n> = 0.44), indicative that the tap force increased and/or

became less variable with successive beats, but was independent of tempo.

FIGURE 5 HERE

When considering the asynchrony of the other stages compared with peak force (Figure 5,
left column), as would be expected there is a main effect of STAGE (F(3,24) = 86.8, p <
0.001, 1> = 0.92; Figure 5A), with the TA relaxation 50% point occurring about 200 ms prior
to target, the SOL burst peak about 100 ms prior to target and the TA contraction 50% point
occurring just after the target. Other than this main effect, each stage behaved very similarly
in terms of the effect of TEMPO (F(2,18) = 29.6, p < 0.001, n> = 0.77; Figure 5B) and the
interaction of TEMPO and BEAT (#(10,80) = 125.7, p < 0.001, 1?> = 0.94; Figure 5C),

mirroring that of peak force. When combined, the other stages also show similar timing

15



variability effects to peak force (Figure 5, right column), with an overall main effect of
BEAT and TEMPO (respectively F(5,40) = 7.9, p = 0.001, F(2,16) = 19.0, n* = 0.50, p <
0.001, n? = 0.70; Figure 5E,F), but with a main effect of STAGE (F(3,24) = 26.5, p < 0.001,
n* = 0.77; Figure 5D), and a BEAT by STAGE interaction (F(15,120) =2.7, p < 0.05, * =
0.25; Figure 5G), indicating that the TA relaxation/contraction stages show overall lower
variability than the SOL burst and peak force stages, along with an absence of a sharpening

effect with beat, in contrast to the SOL burst and peak force.

3.2 Neural 1 — Potentials
FIGURE 6 HERE

Figure 6 shows the grand mean soleus EMG and midline EEG potentials for the 500 ms (Fig
6A), 600 ms (Fig 6B) and 700 ms (Fig 6C) tempi/rates, active versus passive. Within the
cerebral leads, the initial response, prominent at FCz, is characterised by a large
negative/positive deflection followed by a slower negativity which appears independent of
tempo. Thereafter the successive responses adapt within two of three stimuli to a steady
unchanging morphology, characterised by a complex N1, with rapid sub-components,
followed by a steady P2, N2 waves. This pattern of initial, then steady morphology is
reflected in all leads and occurs for both active and passive conditions. In cerebellar leads, the
early rapid waves are more prominent, e.g. at Bz, comprising a N-P-N-P-N morphology. In

relation to the movements, the SOL burst occurs after the peak in the N2 wave at FCz.

FIGURE 7 HERE

In order to appreciate the change in morphology from initial to steady response, we show in
Figure 7 the grand mean global field power (GFP), 102 and EEG channels across all tempi.
The initial response (Figure 7A, left column) versus the grand mean of the steady response
for the last four beats (Figure 7B, right column). In order to assist in classification, and for
later source analysis, these have been divided into three epochs, and the responses contained
therein referred to as short (SL, 10-50 ms), medium (ML, 50 — 80 ms) and long latency (LL,
80 — 500 ms). The LL have been further divided into LL1 and LL2 at the boundary between
the P2 and later N2 related components. The SL. components, following the stimulus artefact,

remain largely invariant irrespective of condition, initial vs steady, or active vs passive, and
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are dominated by vestibular sources, including the oVEMP in IO leads, and early VsCEPs,
most easily recognised in PO9 (P20 and N26 peaks; late VsCEP) and PO10 (P12 and N17
peaks; early VsCEP), as has been reported (Govender et al., 2022). The ML and SL
components, however, are radically different between the initial and steady responses. For the
ML we see the appearance of the last components of the cerebellar N-P-N-P-N complex at
Bz, along with associated rapid N1 components at FCz. For the LL the initial large N-P is

strongly attenuated, especially around the N1 latency, both in the central and cerebellar leads.

FIGURE 8 HERE

Figure 8 A separates the steady responses at FCz and Bz by condition (tempo and activity)
and overlays the SOL EMG burst which occurs at a fixed position relative to target. Visual
inspection would suggest that the latencies of the EEG components are generally independent
of tempo, but the later components are affected by activity. Figure 8B shows the grand mean
across tempi for active versus passive and also illustrates the difference potential obtained by
subtracting the passive from the active from which we can recognise a number of features.
Following the target we can identify what appear to be an initial reafference negative (RAN1)
and post-motion positive (PMP1) associated with the down stroke (Praamstra et al 2001),
followed by a second RAN/PMP associated with the up stroke of the foot tap. A broad pre-
movement negativity (PMN) can be discerned prior to the TA relaxation/SOL burst, more

clearly present at Cz.

TABLES 1 & 2 HERE

For the purpose of later analysis we label the components at FCz and Bz as in Figure 8. At
FCz, prior to the LL N1-P2-N2, we can identify three early components, a P24, N40 and P60,
and the N1 is generally split into two sub-components N1a and N1b. At Bz we identify a
sequence of rapid potentials which co-occur with the early rapid potentials at FCz, i.e. N23,
P40, N59, then P78, N94, P109, N123, followed by two slower waves N188 and P380. The

mean latency and amplitude of these are provided in Tables 1 and 2.

3.3 Neural 2 — Power Spectra of Potentials

FIGURE 9 HERE
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Figure 9 illustrates scaleograms produced by averaging the output of the continuous wavelet
transform averaged across trials and subjects and then again across the last four beats and
three tempi in the steady state at FCz and 1z for active (Figure 9A; left column), passive
(Figure 9B; middle column) and subtracted conditions (Figure 9C; right column). The power
at FCz is dominated by the low-frequency power over the 6, @ and f bands. The higher
frequency burst above 30 Hz close to the stimulus onset is caused by stimulus artefact. In
contrast the power at Iz contains a prominent high-frequency band in u-y, VHF and UHF
bands. Following the stimulus is a prominent double burst-pause in both active and passive
conditions.

FIGURE 10 HERE

Further details of the double burst-pause can be seen in Figure 10 which aligns the VHF/UHF
power (Figure 10A,C) with the potentials at Bz, PO9/10, 1z and FCz (Figure 10B,D). We can
see that the onset of the initial burst] occurs close to the onset of initial positivity of the
contra VsCEP at PO10, whilst the split peak of the initial burst1 aligns with the P12 and P20
of the contra and ipsi VsCEPs respectively. At Iz during the same period there is a mix of the
P12 and P20, inverted at Bz with the N23. The subsequent VHF/UHF pausel aligns
approximately with the P40/N40 at Bz/FCz and the following burst 2 with the N60/P60 at
Bz/FCz. The final pause2 is aligned with rising edge of the P78 wave and the N94 peak.
From these alignments we can infer that the initial burstl is associated with the sources
contributing to the bilateral VsCEPs (climbing fibre responses or CFRs), while the
subsequent pausel is likely associated a post-CFR pause for both VsCEPs sources and with
an additional third source contributing to the potential at Bz. The following burst2/pause?2 is
likely associated with the third source, a question explored more fully in the following

section.

The time values for the boundaries demarking the double burst/pause were subsequently
employed to define segments (SEGMENTS 7 — 10) for a statistical analysis of power. Due to
the stimulus artefact, in order to avoid contamination the segment from -10 ms to + 12 ms
following stimulus onset was not included in the analysis. The prior pre-stimulus interval was
subdivided into six 50 ms segments (SEGMENTS 1 — 6) and post burst/pausing interval into
three 50 ms segments (SEGMENTS 11 — 13). As outlined in the Introduction, we had
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hypothesised that the role of the cerebellum could be considered analogous to voluntary
conditioning whereby a conditioned response anticipating a US would be manifest as a
conditioned pause on simple-spike activity, appearing in the ECeG as a reduction in high-
frequency activity. In order to test this here we conducted an ANOVA on VHF/UHF power,
initially with factors of TEMPO (500, 600 and 700 ms), BAND (u-gamma, VHF, UHF),
BEAT (1-7) and SEGMENT (1-13).
TABLE 3 HERE
FIGURE 11 HERE

The outcomes of the ANOV As, run separately for the passive and active conditions and then
combined, are given in Table 3, and illustrated in Figure 11. Although there was a trend for
the power to be overall higher for the active conditions, this did not reach statistical
significance at the 5% level, nor were there any significant ACTIVITY interactions, possibly
indicating that the conditioning effects were taking place irrespective of whether the subjects
were tapping or not. Similarly there was no main effect of TEMPO nor any significant
TEMPO interactions (Figure 11C). Although a main effect of BEAT effect at the 5% level for
the passive condition was observed, indicating a small reduction in power with successive
beats, this did not extend to the active and combo cases. Of particular interest, a main effect
of SEGMENT was obtained for all three analyses (Figure 11A), but no significant interaction
of SEGMENT by ACTIVITY. Pair-wise comparison showed a significant change from the
initial segment for all three analyses with segments 8 and 9 (respectively p <.01 and <.05 in
the combo analysis), corresponding to the post-stimulus pausel and burst2. For the active and
combo analyses, additionally significant pair-wise difference were obtained with pre-stimulus
segments 4 and 5 (respectively p <.05 and <.05 in the combo analysis). In addition to the
main effect, a SEGMENT by BEAT interaction was obtained for all three analyses (Figure
11B) indicating that the BEAT effect occurred only on specific pre- and post-stimulus
segments, indicating a rapid adaptation with successive beat, even already after the 2™
US/CS head tap. The observation of these interactions is consistent with the hypothesised
adaptation, and further illustrated in Figure 11C which shows the presence of both
anticipatory pausing prior to US/CS onset, and the double burst/pause following US/CS

onset, irrespective of tempo.

As the appearance of the double burst/pause even after the 2"¢ US/CS head tap is critical to

the proposed account, we carried out a separate post-hoc analysis on segments 9 and 10
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corresponding to burst2/pause2 (Figure 11D), which alone show a SEGMENT by BEAT
interaction (F(6,54) = 10.4, p < .01, 1*> = 0.53), but no ACTIVITY interaction. If split again,
main effects of BEAT are obtained independently for both segments 9 and 10 (Figure 11E
and 11F) (respectively F(6,54) = 8.3, p < 0.005, > =0.48 and = 7.3, p < 0.5, > = 0.45), with
again no ACTIVITY interaction. A pair-wise comparison confirms that for segment 9 (burst
2), the adaptation is complete by beat 3, and for segment 10 (pause 2), by beat 2. Thus the
conditioned double burst/pause appears rapidly within 2 to 3 beats, irrespective of whether

there is an overt movement and irrespective of tempo.
3.4 Neural 3 — Currents

From the potential and power analyses, it is clear that there are multiple cerebral and
cerebellar generators underlying the observed potentials. Within the cerebellum there are at
least three, corresponding to the bilateral VsCEPs at PO9/10 and a source or sources
corresponding to the potentials at Bz (Figures 5 and 8). The initial activity across electrode
sites was relatively unchanged up to about 50 ms, irrespective of whether during the initial or
steady responses. There then followed a series of rapid, then longer latency waves which
were radically different for the initial vs steady responses. For this reason, for the purpose of
a source analysis the epoch was divided into three sub-epochs, short (SL, 10 — 50 ms),
medium (ML, 50 — 90 ms) and long (LL, 90 — 500 ms), and the BESA genetic algorithm run
over six epoch combinations: SL, SL+ML, ML, ML + LL, LL and late LL (250 — 500 ms).
These were applied for the four conditions: the active vs passive and the initial vs steady
response. To improve signal to noise the active and passive cases were each averaged across
the three tempi. Thus there was a total of 24 epoch/condition combinations. For each of the
epoch/condition combinations the BESA genetic algorithm with 15 dipoles, repeated for 15
runs, resulting in 225 dipoles per epoch/condition combination and a cluster analysis applied

to weed out the unreliable dipoles, with an exclusion criteria of a cluster SD of 5 mm.

TABLE 4 HERE

Table 4 shows an example of the outcome for the ML/passive/steady combination. The
clusters were broadly categorised between cephalic and non-cephalic, of which included
stimulus artefact clusters close to the point of stimulation. The cephalic clusters were

subdivided between cerebral cortex and sub-cortex. Clusters were assigned a weight N,
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depending on the number of dipoles they contained, and mean Talaraich and Tournoux X, Y,
Z coordinate values (Talaraich and Tournoux 1988). For the cerebral cortical clusters they
were further characterised by their lobular location, their Talairach sub-lobular mapping and
Brodmann Area (BA) based on a +- 5 mm cube. The sub-cortical cerebellar clusters, were
characterised by their Schmahmann Atlas (SA) location (Schmahmann et al. 1999). As can be
seen from Table 5, the cerebral cortical clusters were widely distributed with a large number
frontally, including in pre-frontal and pre-motor areas, as well as in temporal, parietal and
occipital areas. Similarly, the cerebellar clusters were widely distributed. including in anterior

and posterior lobes as well as in the hemispheres.

FIGURE 12 HERE

The combined outputs of the above process for each of the 24 epoch/condition combinations,
5376 input dipoles, resulted in a total of 657 dipole clusters which are illustrated in Figure
12A, B & C as a scatter plot in three planes. Collectively these form an approximately
exponential distribution (Figure 12D), with parameters N = 950 and A = 0.238, which implies
that a total of 293 size one clusters (about 12 per epoch/condition combination) were
excluded. Integration of the distribution give a sum of 3620 dipoles, meaning that of the
original input dipoles, 1756 were either unreliable or non-cephalic, which would include

stimulus artefact, ocular and EMG sources.

FIGURE 13 HERE

Of the final cephalic clusters, 467 (71%) were within the cerebrum and 190 (29%) sub-
cortical. Within the cerebral sources (Figure 13A), 89 were located in the frontopolar
(anterior) PFC (area 10), 70 in the temporal lobe, 51 in medial area 6, 50 in the occipital lobe,
42 in PPC or temporal/parietal cortex and 38 DL-PFC. Only a small number, 13, were
directly located within SMC. Only 8 were located in the basal ganglia and none within the
thalamus. Within the cerebellar sources (Figure 13B), the vast majority, 154, were located
within the posterior cerebellar cortex, with 31 within the brainstem, but only 11 in anterior
cerebellum, and 4 deep cerebellar nuclei. Comparing the source distribution for the initial
versus the steady response, there was no significant difference for the cerebral sources overall

(;(2 =17.6,df =15, p = .28, V = .19) but there was for the cerebellar sources ()(2 =19.7,df =
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4, p =.001, V =.32), consistent with the cerebellum being more active for the steady
response. Comparing the source distribution for the active versus passive conditions (Supp.
Figure 4C, D), for the SMC clusters, it was 9 versus 4 clusters for active versus passive, but

neither the cerebral nor the cerebellar sources showed a significant difference overall.

TABLE 5 HERE

In order to further appreciate the organisation of the cephalic clusters, a second tier of cluster
analysis was conducted, with the same exclusion criteria applied, and the result of 28 cephalic
superordinate clusters displayed in Table 5. A large number of the superordinate clusters are
located frontally, with a combined weight of 176 sub-clusters for PFC (predominantly area
10), 73 for medial PMC (area 6), 31 lateral PMC (area 6) and 18 for anterior cingulate cortex
(ACC). Temporal lobe superordinate clusters make a combined weight of 67, widely
distributed in superior (STG), middle (MTG) and inferior (ITG) lobes. Parietal superordinate
clusters, with a combined weight of 79, are primarily located within the insula/inferior parital
lobule (IPL), and to a lesser extent posterior cingulate (PCC)/superior parietal lobule (SPL).
Occipital superordinate clusters, with a combined weight of 40 sub-clusters, are located
predominantly within the cuneus (areas 18/19). For the subcortical superordinate clusters, the
bulk are located in the posterior cerebellum, with a combined weight of 146 clusters, with a

smaller number within the hemispheres (Crus I) and brainstem.

FIGURE 14 HERE

For the purpose of a generic dipole model for current analysis, the top superordinate 11
cephalic custers were selected, determined by weight, marked in bold in Table 5 and plotted
separately as a scatter plot in Figure 14. For the cerebral sources, these are bilateral Fp-PFC
(Sc. 1 & 2), rostral and caudal medial PMC (Sc. 3 & 4), which we label pre-SMA (Sc. 3)
and SMA (Sc. 4) respectively, bilateral IPL (Sc. 5 & 6) and cuneus (Sc. 11). For the sub-
cortical sources, these are the brainstem (Sc. 7), bilateral H VIIIA (Sc. 8 & 9) and right H
VIIIB (Sc. 10). Four additional non-cephalic clusters were included, two right sided artefact
sources (Sc. 12 & 13) and a symmetrical pair of ocular regional sources (Sc. 14 & 15). The
artefact sources were determined by running the full model over the very initial artefact
period (10 ms), and thereafter fixed in location and orientation. The ocular pair were located

by running the full model after the artefact on the whole epoch of the grand mean, and
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thereafter fixed. The orientations of the cephalic dipoles were obtained by running the full

model over whole epoch separately for the grand means of the initial and steady conditions.

FIGURE 15 HERE

Figure 15 shows the currents measured separately for the first 10 sources for active vs passive
conditions and initial (Figure 15A, left column) versus steady responses (Figure 15B, right
column). The polarities are chosen to approximately match the long latency P2/N2 potentials,
with a negative current (a sink) up. Within the initial or steady currents the dipole orientations
are fixed from the grand mean of active and passive. As would be expected from the
potentials (Figure 7), the currents, apart from during the initial SL epoch, are dramatically
different between the intial and the steady responses, both in magnitude and morphology for

all sources except the bilateral vestibular H VIIIA (Sc. 8 & 9).

FIGURE 16 HERE

In order to see how the currents align with potentials and high-frequency power we illustrate
in Figure 16 seven of currents (Figure 16B; three cerebral, four sub-cortical) with five
midline potentials (Figure 16A; Fpz, FCz, PO9/10 and Bz) and UHF power (Figure 16C).
The peaks and troughs of the UHF double burst-pause are used to determine the alignment
lines (and segments for the statistical analysis). The double initial burst (Bla/b at 15.2 and
23.1 ms) aligns within 2 ms with the initial positivities P14/P22 of the PO9/10 potentials and
closely with the initial positive currents in the bilateral H VIIIA sources (Sc. 8 & 9). This
suggests that these correspond to previously described VsCEP sources, observable at PO9 &
PO10. Both brainstem (Sc. 7) and R VIIIB (Sc. 10) initial negative-positive deflections are
also closely aligned (within 1 ms) with the initial double burst and the initial N23 of the Bz
potential and P24 of the FCz potential with the 2" of the initial double burst. The following
double pause (Pla/b at 31.6 and 41.4 ms) is aligned (within 2 ms) with the second negative-
positive deflections the R VIIIB (Sc. 10) and brainstem (Sc. 7) sources. The P1b also aligns
within 2 ms with P40/N40 of the Bz/FCz potentials. For the second UHF burst-pause, there is
a close alignment with both the R VIIIB source (Sc. 10) third —ve/+ve deflection and the Bz
N60/P78 potential, along with the SMA source (Sc. 4) —ve/+ve deflection at the same (within

1 ms) latency.
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FIGURE 17 HERE

In order to examine the properties of the source current in relation to the effects of tempo, we
show in Figure 17 four key cerebral sources R a-PFC (Sc.2), pre-SMA (Sc.3), SMA (Sc.4)
and R IPL (Sc 6) aligned with the R VIIIB source (Sc. 10) for an epoch averaged over the last
four cycles for an epoch of -300 to + 500 ms. Several features are apparent. For the SMA
source in particular, following the synchronous rapid deflections aligned with the 2™ UHF
burst-pause, there are for the active conditions systematic movement-related negative
deflections consisting of rising and falling slope components centred around the latency of
the N2 potential. The falling slope components, starting at the N2 latency, are marked in red
(Fig 17A), green (Fig 17B) and blue (Fig 17C) respectively for the three tempi with a linear
approximation. In each case there are two examples, either side of the target. When
superimposed, as shown in Figure 17D (top) for the active cases, we can see that the three
movement-related falling slopes, as well as all starting around the latency of the N2, also
appear to all reach their zero-crossing around 100 ms before target. Thus each of the post-N2
falling current slopes increased in length by 100 ms to achieve this (approximately 100, 200
and 300 ms respectively for the three tempi). After extraction, for each of the three pairs pre
and post target we obtained linear slopes of -109.7 and -107.2 nA/s for the 500 ms case
(respectively R? = 87, p <.001 and R? = 85, p <.001), -56.4 and -41.5 nA/s for 600 ms
(respectively R? = 83, p <.001 and R? = .74, p <.001), and -19.2 and -26.5 nA/s for 700 ms
(respectively R? = .52, p < .001 and R?=.63, p <.001), which are all highly significantly
different when compared between tempi (respectively for 500 and 600 ms, R? = .45, p < .001,
and for 600 and 700 ms, R? = .46, p < .001, Figure 17D, middle and bottom).

The currents in Figure 17 also appears to show tempo related changes in the current wave
amplitudes for the different sources but in different ways. The PFC, pre-SMA and IPL source
waves appear to increase with ISI, respectively for the R aPFC source (Sc.2) 34.4, 38.8 and
41.7 nA, for the pre-SMA source (Sc.3) 24.6, 31.9 and 37.4 nA. In contrast, the SMA source
(Sc.4) appears to decrease or not change, respectively 27.4, 27.1 and 19.7 nA. The R VIIIB
source shows a mixed pattern of change with tempo, an increase with ISI for the initial
deflection associated with the initial burst, respectively 71.1, 75.3 and 85.3 nA, but a decrease
for the deflection associated with the 2nd burst, respectively 67.4, 58 and 56.6 nA,
corresponding to a difference of 3.7, 17.3 and 28.7 nA.
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3.5 Neural 4 — Power Spectra of Currents

FIGURE 18 HERE

In order to test these apparent tempo related changes statistically, the source model was
applied to each individual subject and the source currents extracted. A wavelet spectral
power analysis of the currents was then conducted. Examples of these are shown in Figure 18
for pre-SMA (18A; top row), SMA (18B; middle row) and R VIIIB (18C; bottom row)
sources. It is apparent that they all exhibit beta/gamma bursting and a variety of delta/theta
effects during the following slow activity associated with the P2/N2 after the burst. In order
to quantify these effects, we conducted an ANOVA on the same time segments as for the
potentials. The ANOV A was, however, confined to segments in the beta band during the Iz
UHF double burst/pause, as the early rapid current activity is primarily in the beta/gamma
frequency range. For the beta band analysis, the first three sources L/R PFC and pre-SMA
show main effects of TEMPO, BEAT and SEGMENT (respectively: F(2,18) = 4.0, p < .05,
1* = .31; F(6,54) = 12.6, p = .001, 17> = .58; F(4,36) = 7.7, p < .05, n* = .46), along with a
BEAT by SEGMENT interaction (F(24,216) = 3.9, p < .05, 772 =.30), but no main effect of
SOURCE (F(2,18) = 0.7, ns , * = .07). This suggests that the fast early beta activity does
increase in amplitude with ISI, but drops off with successive beats and segments. In contrast,
the SMA and R VIIIB sources do not show main effects of TEMPO (F(2,18) = 0.62, ns , n*> =
.06), but do show main effects of SOURCE and SEGMENT (respectively: F(1,9)=13.3,p =
005, n? = .60 ; F(4,36) = 19.6, p < .001, 17 = .69), indicative that these do not change with
tempo and are sustained over the beat sequence but the early beta activity is greater in the
cerebellar source compared to the cerebral source. If confined to the R VIIIB source, a trend
interaction of TEMPO by SEGMENT is obtained (F(8,72) = 2.0, p = .14, 7]2 =.18),
consistent with differential tempo response between the early and later deflections associated

with initial and second Iz UHF bursts.

4 Discussion
4.1 Summary of Results

In our study subjects were required to synchronise a foot tap to a vestibular metronome in the

form of a mini-shaker mastoid impulse sequence with three alternative tempi randomly
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presented. The onset of the metronome as well as the inter onset interval were random, so that
the tempo was only clear from the onset of the second event. In response to this task our
subjects were able to successfully achieve synchrony rapidly within three to four taps,
manifest in a tap force peak with a small +ve asynchrony of about 10 ms. The subjects as a
whole adopted a common strategy of making an initial stereotyped response of about 630 ms,
close to the average tempo (ISI 600 ms), so that for the 500 ms ISI it arrived late and for the
700 ms early. They then rapidly adapted over the second and third response to achieve a

steady state synchrony for the remainder of the sequence.

When breaking down the physiology of the foot tap performance we observed reciprocal
activity of the soleus (SOL) and tibialis anterior (TA) muscles such that from a tonic
dorsiflextion starting point there was an alternation of the SOL and TA EMG activity during
the tap cycle. A steady cycle could be described as the following: (1) the initiation of TA
relaxation and SOL contraction (measured as the X50 of the TA relaxation), (2) the TA
maximum relaxation and SOL burst peak at about 100 ms prior to the target, (3) the force
peak, (4) contraction of TA (measured as the X50 of the TA contraction) and SOL relaxation
and (5) plateau of TA contraction. Measurements of four of the stages show that they all
exhibit the same timing pattern occurring in a fixed sequence of asynchrony relative to target,
largely invariant of tempo, except for the re-contraction TA and SOL relaxation (associated
with the up stroke) which occurs slightly later for the longer ISI. In terms of variability, there
is a trend for the force to sharpen over block and with beat and to increase with ISI,
consistent with prior literature (e.g., Cos et al., 2015; Hove et al., 2014; Madison, 2014;
Madison et al., 2013; Sternad & Newell, 2000). The pattern of force variability is also
reflected in the SOL burst variability, but not the TA relaxation/contraction, which does not
sharpen with beat. In terms of force amplitude, this also tends to increase with successive

beat across tempi.

The grand means for the three tempi indicate that the neural responses reflect the behavioural:
an initial response gives way to a steady response after three to four cycles. Given the
stereotyped nature of the initial response and the tempo independent timing of the steady state
down-stroke relative to target, we were able to make a grand mean of averaged EEG across
the three tempi for the initial response and the average of the last four cycles. These show that
in the SL epoch, the responses are very similar for both initial and steady responses,

irrespective of whether active or passive. These include oVEMPs at IO leads and associated
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VsCEPs at PO9/10, consistent with the vestibular stimulus. Thereafter we see a dramatic
change. For the initial response a large negative-positive excursion is present, most clearly
observed at FCz with latencies of about 110 and 200 ms, which dominates the GFP, followed
by 2" slow negative excursion, most notably in the active condition, prior to the expected
forthcoming 2nd stimulus of yet unknown latency. This is accompanied by changes of similar
latency at other sites, including a positive-negative deflection at Bz. In the steady state
response the large negative-positive excursion at FCz is replaced a regular N1ab/P2/N2 ERP
preceded by a series rapid changes during the ML epoch which co-occur with a series of
rapid changes at other sites, but most notably at Bz. Comparing the active and passive
conditions it is apparent that the active condition contains a mix of stimulus and movement
related components (Praamstra et al 2001). Subtraction of the passive from the active
conditions at FCz and Cz suggest a pre-movement negative (PMN) about 200 to 100 ms prior
to target, close to the onset of the SOL burst, followed by what appears to be a double
RAN/PMP, likely linked to the down and up phases of the tap cycle.

Of particular importance to the main hypotheses proposed, a spectral power analysis showed
for the steady state response, the presence of a double burst pause in high-frequency ECeG at
Iz which aligns with the evoked responses over the cerebellum. The initial burst-pause aligns
with the VSCEPs at PO9/10 as previously identified, and is likely a CFR and associated post-
CFR pause. The second burst-pause aligns with the rapid potentials at Bz and is thus likely
manifestation of a conditioned CFR which only appears in the context of a forthcoming
predicted event. Further, the ANOVA of high-frequency ECeG power following time
segmentation showed consistent SEGMENT by BEAT interaction for both passive and active
cases. Post-hoc analyses further indicated these changes occurred in key post-stimulus
segments corresponding to the double burst and pre-stimulus segments associated with the
period around the SOL burst. These results thus provide evidence of both conditioned
predictive pausing in the ECeG prior to the expected US, analogous to that obtained with
classical conditioning, and the emergence of a CS-related double CFR following repeated
pairing. These conditioning effects occurred for both active and passive conditions, consistent
with the notion that cerebellar conditioning occurs automatically and rapidly, irrespective of
whether it results in an overt movement. This aspect of cerebellar conditioning parallels our
prior observation in the case of classical conditioning (Todd et al. 2023a), i.e. that there must

an additional cerebral mechanism which controls movement selection and preprogramming.
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Finally, we conducted a source analysis of the grand mean initial (unconditioned) response
and steady state (conditioned ) response. These indicated “main player” sources in areas that
have been strongly implicated in imaging studies (e.g., Bijsterbosch et al., 2011; Harry et al.,
2023; Kasdan et al., 2022; Nozaradan et al., 2016; Snyder et al., 2024; Witt et al., 2008; Xu et
al., 2006), including bilateral prefrontal cortex, pre-SMA, SMA and bilateral IPL, along with
bilateral lobule VIIIA vestibular sources, brainstem and critically, a right lobule VIIIB source
corresponding to the rapid Bz potential and associated conditioned CFR manifest in high-
frequency ECeG. A further analysis of the spectral power of the currents, confirms that the
rapid early potentials and associated conditioned CFR are predominantly the beta-gamma
frequency range with later theta activity associated with the slow potentials. ANOVA of the
beta current bursting along with changes in current amplitude with TEMPO showed high beta
source coherence and a dissociation in the behaviour of sources. The bilateral PFC and pre-
SMA group show an increase with ISI while the SMA and R VIIIB cerebellar source do not
increase with ISI and may even decrease with ISI. The R VIIIB cerebellar source also showed
evidence that the early and later components of the beta burst associated with the conditioned
CFR may diverge in their tempo dependency. Of particular interest, the SMA source showed
a very clear and highly significant tempo dependent change in the post N2 movement-related

falling slopes which anticipate the SOL burst.

4.2 A cortico-basal ganglia-cerebellar-hippocampal network for SMS.

FIGURE 19 HERE

In order to interpret these results we articulate what is known about the connectivity of the
cerebral and cerebellar sources obtained, and their inputs and outputs in relation to the
vestibular and the somatic motor systems, illustrated in Figure 19. Several models of timing
behaviour account for cerebellar connectivity with other subcortical as well as cerebral
regions (e.g., Andersen & Dalal, 2024; Gibbon et al., 1997; Petter et al., 2016; Schwartze &
Kotz, 2013; Teki et al., 2012) but the precise cerebellar pathways have remained unresolved.
Our theoretical framework and empirical findings are informative about these specific

pathways in relation to broader established patterns of connectivity.

Our stimulus clearly was effective in activating the vestibular system as we observed

oVEMPs and bilateral VsCEPs and sources close to those obtained previously (Todd et al.
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2021a). The vestibular receptors are known to project to the cerebellum directly and via the
vestibular nuclei both as climbing fibres via the inferior olive and as mossy fibres via the
pons (Buttner-Enever 1999). The vestibular system also projects widely to the cerebral cortex
via multiple areas of the thalamus (Wijesinghe et al. 2015), allowing wide convergence with
other sensory systems and with the basal ganglia. As we hypothesised, this means that
vestibular stimuli are capable of acting both as a US and CS with conjunctive inputs of CFs
and PFs on Purkinje cells (PCs) in the cerebellar cortex to facilitate motor learning within the
Marr/Albus framework (Marr 1969; Albus 1971). Our observation of evidence of conditioned

pausing in the high-frequency ECeG prior to the target supports this interpretation.

The output of the cerebellum is via the deep cerebellar nuclei which project widely to the
brainstem, reticular formation and thalamus (Eccles et al. 1969). It had been traditionally
thought that the deep cerebellar nuclei (DCN) project via the VL thalamus for sensorimotor
function (Eccles et al. 1969), and specifically VL pars caudalis (VLc) (Passingham 1994), but
it is now accepted that they are more widely distributed, including VPL and CM (Haines
2008), and beyond including VM, MD, CL nuclei to support the broader involvement in
cognitive and affective function (Heck et al 2023). Our observation of the double burst-pause
and associated beta current burst in the R VIIIB source following the target stimulus is
consistent with the presence of a CS-complex spike, which tend to occur as a pair within 100
ms following CS onset before CR onset (Ohmae and Medina 2015; ten Brinke et al. 2019).
The wide distribution through multiple thalamic nuclei, therefore, means that this signal
would be available to drive higher order acquisition/learning in multiple regions within the

cerebrum (ten Brinke et al. 2019).

Of the dominant cerebral cortical sources, bilateral aPFC (area 10), pre-SMA (area 6), SMA
(area 6) and bilateral IPL (area 40) have long been associated with sensorimotor processing
(Petter et al 2016). However, the implication of BA 10 specifically suggests the involvement
of a prospective memory mechanism for future action (Cona et al. 2015). BA 10 is known to
be involved in the encoding, maintenance and retrieval of intention (Cona et al. 2015).
Although our task involved the rapid adaptation to the metronome, it also involved the
memorisation of the three alternative timed responses (with intervals of 500, 600 and 700 ms)
during training, cued retrieval of one of the three on detection during the start of a trial, then
execution of the intention during the synchronisation phase. aPFC (area 10) and IPL are

implicated in all three of these phases (Cona et al. 2015). dI-PFC/IPL are said to make up the
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“central executive network™ implicated in attention and memory (Mulders et al 2015).
Although dI-PFC was not one of the sources in the generic model, it was one of the clusters

in the complete analysis.

Pre-SMA (area 6) and SMA (area 6), along with M1/S1 are also implicated in the execution
of intentional actions (Cona et al. 2015). Medial premotor cortex (BA 6) has long been
central to the account to temporal processing (Schwartze et al 2012), but it is generally
considered that pre-SMA and SMA are dissociated in their function, between sensory and
sensorimotor aspects (Schwartze et al 2012). Anatomically they are also distinct (Rahimpour
et al. 2022). Pre-SMA and SMA both share extensive connections with the cerebellum, the
basal ganglia, other regions of the frontal cortex and posterior parietal areas. However, they
do not have direct cortico-cortical connections, but rather interact via their common
connections, including the basal ganglia, although these are separate circuits (Rahimpour et
al. 2022). Pre-SMA is strongly connected to PFC but with little input to M1 and is thought to
be associated with cognitive processes. In contrast, SMA is strongly connected to M1 and

thought to be directly involved with motor planning (Rahimpour et al. 2022).

For our current sources too, the pre-SMA and SMA are distinct. Whereas the pre-SMA
current amplitudes increase in amplitude with ISI, the SMA source does not show the same
trend but has a direct movement related tempo dependent feature. This is in the form of post
N2 movement-related falling slopes which anticipate the SOL burst, an index of movement
planning. The pre-SMA source shows a strong BEAT effect, consistent with it being
primarily responsive at the initial external cue detection stage. The SMA source does not
show a BEAT effect and remains relatively constant throughout the sequence. This difference
may also reflect another recognised contrast of pre-SMA and SMA, between externally vs
internally guided action (Nachev et al. 2007). As the sequence progresses the balance

between external and internal guidance shifts from one to the other.

Given the extensive connectivity of the PFC, pre-SMA and SMA to the basal ganglia, we
have included the basal ganglia in the circuit. We did not strongly detect either basal ganglia
or thalamic activity with our method, and this is one of its limitations. However, the fact of
SMA involvement indicates that the basal ganglia were participating in the task (Rahimpour
et al. 2022). The basal ganglia have been strongly indicated in rhythm perception, production,

and sensorimotor synchronization (Cannon & Patel, 2021; Levitin et al., 2018; Schwartze et
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al 2011; Snyder et al., 2024). In the circuit we have indicated the indirect pathway via
striatum, GPe and STN, the direct pathway via striatum to GPi/SNr and hyperdirect which
cuts out the striatum. The loop is completed with the output of GPi/SNr to the thalamus to
VL or VA, depending on whether it is the PFC, pre-SMA or SMA loop. SNc¢ provides
dopaminergic input to both direct and indirect pathways, but with differential receptors, D1 v
D2 (Gerfen & Surmeier, 2011). We also indicate the limbic loop within the ventral striatum

(nucleus accumbens NA) and dopaminergic input via the VTA.

Of particular relevance to the case is the fact that increasingly it has become clear that the
basal ganglia and cerebellum should not be seen as functionally distinct, but rather nodes in a
common network with the cerebral cortex (Andersen & Dalal, 2024; Bostan and Strick 2018;
Criscuolo et al., 2025; Kasdan et al., 2022). Of critical importance to this debate, is the
realisation that the cerebellum and basal ganglia are directly connected sub-cortically
(Milardi et al., 2019) and these connections are indicated in the diagram. The basal ganglia
output reaches the pons via the STN, thus allowing it to provide context in cerebellar
learning. In the other direction, the cerebellum can provide input to the striatum via the CM
nucleus of the thalamus (Bostan and Strick 2018), and more generally via the parafascicular
(Pf) nucleus which forms a complex with the CM nucleus (Gonzalo-Martin et al. 2024). More
recently, it has been shown that the cerebellum also projects more directly to the output
stations GPe and SNr (Milardi et al. 2019; Washburn et al 2024) and to dopaminergic
neurons including the VTA and SNc, either directly or via the Pf-CM complex (Carta et al
2019; Yoshida et al 2022; Baek et al. 2022; Gonzalo-Martin et al. 2024). There is also
evidence of direct vestibular inputs via the same Pf-CM complex (Smith 2018), or via the
parabrachial nuclei (Balaban 2004; Balaban and Yates 2004). Thus the cerebellum is well
placed to drive reward based learning in the basal ganglia, including for learning a timed

output to drive the synchronised motor response via SMA/M1.

Any such outputs, either directly from the STN or via descending cortico-fugal influences
from SMA/M1 will be available as convergent inputs to the pons (Passingham 1994), along
with with any reafferent spinocerebellar influences to reinforce cerebellar learning (Eccles et
al 1969; Haines 2008). The spinocerebellar influences also include spino-olivary projections
(Eccles et al 1969; Haines 2008), so that these may play a role in error correction. Ascending
spino-thalamo-cortical reafference, via the dorsal column- medial lemniscus system and VPL

nucleus of the thalamus (Haines 2008), also fascilitates sensori-motor coordination at a
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cortical level (Davis et al. 2022). Our data suggests that there were two major ascending
reafference volleys associated with the down and up strokes as we observed a double
RAP/PMN (Praamstra et al 2003). Reafference information would also be available to
posterior parietal cortex for higher level planning and sequencing, including memory retrieval
and attention for sensory-guided action via cortico-cortical connectivity and via a loop

through the cerebellum via the pons (Stein 1986; Stein and Glickstein 1992).

The above described network is, however, incomplete without the inclusion of a third
subcortical structure involved in timing, namely the hippocampus, if for no other reason that
trace conditioning, in which the CS and US are separated by an inter-stimulus interval,
requires an intact hippocampus (Bangasser et al. 2006; Petter et al. 2016). We did not directly
detect hippocampal sources, but there were a very large number of temporal lobe sources
(second only to prefrontal sources), including from ITG and MTG, as well as STG. Among
these also there were sources that were in area 37, which can be regarded as
parahippocampal, and sources in both anterior and posterior cingulate areas which are
strongly connected to hippocampus. It is now also realised that the cerebellum and
hippocampus are strongly inter-connected (Watson et al. 2019; Froula et al. 2023; Bernard
2025), and that this connectivity may be direct from the DCN (Arrigo et al. 2014), including
a direct return to the pontine nuclei (Newman and Reza 1979; Cragg and Hamlyn 1959). As
well as cerebellar direct inputs, the vestibular system is also known to have very strong
connections to the hippocampus for orientation, spatial processing and navigation (Hitier et

al. et al. 2014; Stackman et al. 2002; Zwergal et al. 2024).

In addition to the hippocampal-cerebellar interaction, the hippocampus also has a direct
interaction with the basal ganglia (Sabatino et al. 1986; Du et al. 2021; Wylie et al. 2023).
This interaction plays an important role in learning, memory and motor control (Penhune and
Steele 2012), including in sensorimotor integration (Hallworth and Bland 2004). From the
hippocampus, there are multiple direct and indirect projections to ventral (nucleus
accumbems) and dorsal striatum (Du et al. 2021). In turn the basal gangla may influence the
hippocampus via palladial outputs to the penduculopontine nucleus (PPN) and septal nucleus
(SeN) (Sabatino et al. 1986). Further, the hippocampus is involved in a loop with the VTA
(Lisman et al 2005), thought to play a role in controlling long-term episodic memory, along
with prefrontal cortex (Eichenbaum 2017), including for prospective memory (Rolls 2023).

Both vestibular system and cerebellum have strong influence on the PPN, which along with
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direct cerebellar influence on the VTA provide the basis the cerebellum to drive reward based
espisodic learning and memory formation in the hippocampal-prefrontal system, as well as

the basal ganglia.

4.3 A cortico-basal ganglia-cerebellar-hippocampal timing mechanism.

We aimed in this study to show evidence of cerebellar involvement in the acquisition of SMS
in a manner consistent with it being analogous to a form of conditioning. We anticipated two
distinct possible sources of evidence for this: (1) conditioned anticipatory pausing in the
high-frequency ECeG indicative of pausing of underlying simple spike activity prior to US
onset (Albus 1971; Jirenhead and Heslow 2016); and (2) conditioned CF activity and an
associated double burst pause following CS onset when a US was expected (Ohmae and
Medina 2015; ten Brinke et al. 2019). We found evidence of both mechanisms, which
provide evidence to support the view that the cerebellum was indeed playing such a role,
although the magnitude of the anticipatory pausing was not large. The C-CRFs and associated
double burst pause, appear rapidly, already after the 2" CS/US, and are thus rapidly available
for signalling to the rest of the network of brain areas involved in timing for the rapid
acquisition of synchronisation. In addition to the double burst-pause in the high frequency
ECeG, the C-CFRs were also associated with beta-gamma burst in our source R VIIIB which
was highly coherent with the PFC, SMA and IPL sources, key hubs in the timing network.
Thus the beta-gamma bursting is likely the mechanism by which the network achieves

synchrony.

Previous research has examined modulations in cerebral beta power and coherence (Fujioka
et al., 2012, 2015; Gulberti et al., 2024), beta band cortico-muscular coherence (Nijhuis et al.,
2021; Varlet et al., 2020), and gamma amplitude (Harding et al., 2025; Snyder & Large,
2005; Zanto et al., 2006) in active and passive rhythmic tasks, but cerebellar involvement in
such modulations has been not previously been studied in the context of SMS. However,
cerebro-cerebellar coherence in the beta band has been widely observed during both active
and passive expectancy (Courtemanche and Lammarre 2005), and during precision gripping
(Soteropoulos and Baker 2006). It is thought to be one of the main mechanisms by which the
cerebro-cereballar system maintains functional connectivity (Watson and Apps 2022), but

may however play different roles (Nougaret et al. 2024). Low beta power has also been
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implicated in models of timing (Tanaka et al. 2024), and beta/gamma bursting has been

observed in the striatum during synchronisation/continuation (Bartolo et al. 2014).

Of the key cerebral hubs in the acquisition of SMS, the strong participation of aPFC (area 10)
is indicative that subjects were employing a prospective memory system for the three
alternative timed responses (Cona et al 2015; Underwood et al. 2015; Burgess et al 2022),
involving the encoding of prospective memory for intention during the learning trials which
were retrieved at the start of each trial the when the temporal cue was detected. The strong
participation of the SMA system in the form of tempo dependent post N2 pre-movement
negative slopes was also indicative of participation of underlying basal ganglia involvement,
as it has been demonstrated that pre-movement negativities, both the BP and CNV involve
the basal ganglia (Purzer et al. 2007). The account must also include a role for the
hippocampus (Petter et al, 2016). The SMA and basal ganglia are central to many models and
theories of both interval and beat based timing (Cannon & Patel, 2021; Merchant et al. 2024;
Rueda-Orozco et al 2024; Schwartze and Kotz 2024). However, hippocampus is also
implicated in timing tasks beyond trace classical conditioning (Lusk et al. 2016), especially
for encoding and retrieval of sequential timed movements in conjunction with PFC (Wise and
Murray 1999; Eichenbaum 2017; Rolls 2023; Dolfen et al. 2024; Yewbrey and Kornysheva
2024).

Thus we may see the participation of three learning mechanisms as suggested by Bostan and
Strick (2018), a cerebral cortical unsupervised learning mechanism, a basal ganglia
reinforcement/reward based learning mechanism and a cerebellar supervised/error based
learning mechanism. However, in the present case, the strict division between error and
reward cannot hold as the C-CFRs do not behave as an error correction mechanism, but rather
more as a predictive reward signal. As noted by Ohmae and Medina (2015), these C-CFRs
are “markedly similar to the responses of dopamine neurons during reinforcement learning”.
This view has received substantive support subsequently (Heffley et al. 2018, 2019; Dimitar
et al. 2019; Javier 2019; Mario e al. 2024; Shuyang and Hull, 2025; Rin et al. 2025). Thus, C-
CFRs and their downstream basal ganglia targets, in the SNc and VTA, hence the nigro-
striatal, mesolimbic and mesocortical dopamenergic projections, are powerfully placed to
drive both basal ganglia and cerebral cortical learning of anticipated reward from the
vestibular US (Heffley and Hull 2019; Soares et al 2016), along with hippocampal-prefrontal

episodic memory formation (Lisman et al. 2005).
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Of particular interest, the SMA and basal ganglia are widely acknowledged as critical to
maintenance of motor timing once the interval has been acquired, but their exact function is
not agreed. Several hypotheses have been proposed. One common proposed mechanism is a
ramping accumulator behaviour instantiated in the SMA/basal ganglia system (Casini and
Vidal 2011; Merchant and Lafuent 2024; Merchant et al. 2024). The pace-maker accumulator
approach is one such model which accumulates an oscillatory input and a decision is made
when the ramp achieves a threshold (Balci and Simen 2024). In an alternative
implementation, the “striatal beat frequency model” (Buhusi and Meck 2005), it is envisaged
that “neural oscillators” in prefrontal cortex provide a clock, which combined with a striatal
working memory and dopaminergic reinforcement provide the basis for a timed output to
SMA (Oprisan and Buhisi 2014). Ramping behaviour in predictive CNVs during implicit
timing has also been observed, suggesting basal ganglia involvement (Praamstra et al. 2006;
Casini and Vidal 2011), and also in cued temporal prediction (Breska and Ivry 2020).
Examples of ramping behaviour have been observed in VL thalamic and DCN neurones in
prepatory activity for self-paced saccades (Tanaka et al 2024), and striatal and DCN neurones

to triggered saccades (Kameda et al. 2023).

None of these behaviours, such as CNV-like ramping, match the data we observed in the
present study, however. This is consistent with the tendency of the CNV to diminish over the
course of an experiment (Petter et al 2016), and a CNV may only be present for single
response timing (Breska and Ivry 2020), or at the start of a trial with multiple rhythmic
responses. We did observe a down-ramping behaviour in the SMA source, but its initial up-
slope (with —ve up) and amplitude were relatively fixed at the start of the post-N2 period and
its down-slope was tempo-dependent so that for all three tempi the zero-crossing was reached
at about the same time before the target. Rather than being a variable accumulator CN'V-like
up-ramp system (with —ve up), it behaves more like an “hourglass” timer with a fixed initial
quantity of sand particles but with a variable aperture to control the rate of flow, or from an
electrical point of view, a discharge with a fixed initial charge and a variable resistance. This
suggests that although the SMA/basal ganglia are producing a variably timed output, they are
being pre-programmed and triggered elsewhere, in this case by the cerebellum. The C-CFR
and associated beta burst provides a trigger to start the timer and may also provide
information about the expected interval. As noted in the results (Figure 17), the initial and

2" burst/pause and associated current burst (R VIIIB source) show evidence of tempo
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dependent changes. The cerebellar conditioned pausing activity, and associated theta
desynchronisation (Todd et al. 2025), prior to the target may also be available as a timing

guide for the SMA/basal ganglia system.

The proposal of a neural “hourglass” mechanism in the form of time ramping cells for short
interval timing at the millisecond scale would, however, appear to be a novel one. In fact,
“hourglass”-like time ramping behaviour has been observed in the entorhinal cortex of the
hippocampus (Rolls and Mills 2019; Rolls 2023), though these are typically over 10s to 100s
of seconds. It is proposed that these combine in multiple competing populations for the
generation and representation of episodic memory. It would also need to be coordinated with

striato-cortical activity to translate into a motor output, e.g. via PFC-striatal route.

It is accepted that the cerebellum is essential for the acquisition of synchronisation at low
millisecond timescales (Lusk et al 2016; Iversen and Balasubramaniam 2016). Whether the
above observations would still be apparent during a continuation phase, where it is believed
the role of cerebellum is less paramount (Chauvigne et al 2015; Iversen and
Balasubramaniam 2016), and the SMA/basal ganglia system predominant can only be
answered by further experimentation. However, once synchrony has been achieved, in
principle continuation by means of the cortico-basal ganglia-cerebellar timing mechanism is
still feasible where both descending and ascending reafference could provide both CF and
MF inputs without vestibular reinforcement. It has been suggested, based on a meta analysis
of 43 imaging studies (Chauvigne et al 2015), that the spino-cerebellum does not participate
at all in continuation. However, the Chauvigne et al (2015) study did not report any activity
from lobules VII, VIII, IX, X or Crus I/II or brainstem from any of the studies in either
synchronisation (externally paced) or continuation (self-paced), suggesting that most of the
imaging studies did not fully cover the cerebellum or brainstem in field of view or did not
report from the cerebellum or brainstem. The under representation of the cerebellum remains
a common problem with imaging in general, which perhaps contributes to a basal ganglia

centric bias (Wang et al. 2025).

Our dominant cerebellar sources in the present study were in fact all from the
inferior/posterior cerebellum. Our previous study of self-paced voluntary movement showed
extensive activation of the cerebellum in both the anterior and posterior cerebellum, from

vermis and hemispheres for hand and foot movements (Todd et al 2023). This was consistent
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with the implication of lesion studies for a role of the cerebellum in generation of the
Bereitshaftpotential, as well as SMA/basal ganglia, (Sasaki et al. 1979; Shibasaki et al. 1986;
Ikeda et al 1994; Wessel et al. 1994). Furthermore, studies with cerebellar patients have
shown deficits in both synchronisation and continuation phases in a
synchronisation/continuation task (Breska and Ivry 2016), especially in variability compared
PD patients and healthy controls, even at intervals greater than 1 second (Classen et al. 2012).
The greater timing variability with cerebellar patients extends to spontaneous self-paced
tapping (Schwartze et al. 2016), and is specific in the case of unilateral lesions to the
impaired limb (Ivry et al 2006). As it happens, our source R VIIIB (Sc. 10) corresponding to
the CCFR and associated beta burst was on the right side, ipsilateral to the right foot.

It does seem likely, however, that a short interval neural “hourglass” mechansism involving a
cortico-basal ganglia-cerebellar network could only operate up to a limit and likely gives way
for intervals longer than about 1 second to an alternative, perhaps cortico-striatal CNV-like
ramping mechanism, (Buhusi and Meck 2005; Petter et al. 2016; Lusk et al 2016). Even in
this case, the cerebellum is likely still to make a contribution, e.g. by means of slow theta
desynchronization (Todd et al. 2025), or perhaps by other novel mechanisms (Garcia-Garcia

et al. 2024).

4.4 Conclusion

In the present study we recorded from cerebrum and cerebellum during the acquisition of
synchronised foot tapping to three alternative randomly presented tempi. Following an initial
stereotyped response, the subjects were able to acquire synchrony rapidly within three to four
foot taps whereby the asynchronies of the stages within the tap cycle were invariant with
tempo. These characteristics were reflected in the neural data which enabled averaging across
tempi. In the steady state, potentials were characterised by a series of rapid short latency
waves followed by slower N1/P2/N2 ERPs. Spectral power analysis of the potentials at [z
and a surrounding grid confirmed the presence of two distinct hypothesised conditioned
changes, a conditioned climbing fibre response (CCFR) within 100 ms following the target
onset and conditioned pausing in the high frequency ECeG in anticipation of the target onset.
Thus these data support our proposal that SMS can be viewed as a form of successive

conditioning.
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However, as anticipated, source analysis revealed the involvement of widespread cerebral
areas in bilateral PFC, pre-SMA, SMA, bilateral IPL as well as cerebellar areas in bilateral
vestibular H VIIIA/VIIB sources along with a right H VIIIB source and a brainstem source.
The right H VIIIB source was aligned with the CCRF and a potential at Bz. These confirmed
that the CCRF was associated with beta/gamma bursting which was highly coherent across
sources. Within the SMA source we also observed tempo-dependent post-N2 movement
related down-ramp timed to make a zero-crossing about 100 ms prior to target irrespective of
tempo. Collectively these data suggest the involvement of a cortico-basal ganglia-cerebellar-
hippocampal adaptive learning network driven by a CCRF/beta burst reward signal and a
novel cortico-striatal-hippocampal short interval time ramping mechanism. This conception
of a cortico-basal ganglia-cerebellar timing network is not dissimilar to other proposals (e.g.
Lewis & Miall 2003; Teki at al 2012; Petter et al. 2016; Schwartze and Kotz 2024), but with
an essential difference. The strict separation of cerebellar and basal ganglia learning as being
driven by error versus reward no longer holds, where the DCN have direct access to reward
signalling in VTA and SN, and the cerebellar classically conditioned interval timer may
continue to contribute to the initiation and maintenance of sequential synchrony over the
range of common tempi. As we note above, a hippocampal component is also required (Lusk

et al. 2016).

Finally, given the exploratory nature of the present analyses, it will be interesting in future
studies to confirm and explore the limits of this proposed mechanism in both synchronisation
and continuation tapping, where it may break down with longer intervals, and in response to

sudden perturbation of period or phase (Repp 2005; Repp and Su 2013).
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Figure captions.

Fig 1: The electrode map is comprised of a standard BioSemi 64-channel 10-10 montage,
with an extra 32 channels making up three additional 10% circumferences. The first
completes the Iz circumference (outer circle) with two 10% circumferences below Iz, at SIz
and Bz. Additional electrodes were positioned beneath the eyes (101, 102), frontally (F11,
F12), on the ear lobes (A1, A2) and bilaterally over the SCM muslces giving a total of 104

recording channels.

Fig 2: Illustration of the procedure carried out during passive and active recording blocks.
Seven head taps were delivered in each recording block. For passive blocks (A), subjects
rested their right foot and mentally counted the head taps. For active blocks (B), subjects tried
to synchronise with the rhythm by tapping along with their right foot. Counting and tapping
started on the 2" head tap.

Fig 3: Behavioural grand mean data (n = 10) from the active blocks showing EMG (TA/SOL,
black/grey) and tap force/acceleration (black/grey) for the 500 (A), 600 (B) and 700 ms (C)
rates. Vertical lines indicate the onset of the 1*' head tap with subsequent dashed vertical lines
showing the onset of the 2" to 7™ head taps. The area shaded in grey is expanded in the right
column and shows EMG (D; TA/SOL, black/grey) and (E) tap force/acceleration
(black/grey) grand means for a single cycle at the 600 ms rate. Five stages are shown; (1) TA
relaxation, (2) SOL burst, (3) peak force, (4) TA contraction and (5) TA peak. The dashed
vertical line in the right column indicates the onset of the 6™ head tap. TA = tibialis anterior,

SOL = soleus

Fig 4: ANOVA effects for the asynchrony (A), variability (B) and amplitude (C) of the foot
tap force. Main effects of BLOCK (first row), TEMPO (second row) and BEAT (third row)
are shown as well as the BEAT by TEMPO interactions for all three measures (bottom row).

*p<0.05, ** p<0.01, *** p <0.001, ns = not significant. Error bars give standard error.
Fig 5: Main effects of STAGE (A), TEMPO (B) and interaction effect of BEAT by TEMPO

(C) for asynchrony (left column) and main effects of STAGE (D), TEMPO (E), BEAT (F)
and interaction effect of BEAT by STAGE (G) for variability (right column). * p < 0.05, ***
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p <0.001. Stages: (1) = TA relaxation, (2) = SOL burst, (3) = force peak and (4) = TA

contraction.

Fig 6: Average of potentials (n = 10) from the Fpz, FCz and Bz electrode locations during the
passive (grey) and active (black) recording blocks for the 500 (A), 600 (B) and 700 ms (C)
rates. EMG from soleus (SOL; black traces) are shown above neural potentials for the three
rates of stimuli. Vertical lines indicate the onset of the 1*' head tap with subsequent dashed

vertical lines showing the onset of the 2™ to 7" head taps.

Fig 7: Potentials averaged across all rates (n = 10) showing the initial response (A; left
column) and steady response for the last four beats (B; right column). Active (black) and
passive (grey) traces are overlaid across all potentials. GFP = global field power. Epochs: SL

= short latency, ML = medium latency, LL = long latency.

Fig 8: (A) Grand mean steady responses from the FCz (left) and Bz (right) electrodes for all
three rates during active (black traces) and passive (dark grey) blocks. For active block
recordings, grand mean EMG from soleus (SOL; light grey) is overlaid for comparison with
neural potentials. Thick vertical dashed lines show the alignment of the N2 potential across
the three rates with the potential occurring earlier during the passive block. (B) Grand mean
(black) and individual subject (grey) steady responses averaged across tempi from FCz (top
row) and Bz (bottom row) during active (left column) and passive blocks (B; middle
column). Waveforms obtained after subtracting active and passive recordings are also shown
for the FCz and Bz electrodes (right column). RAN = initial reafferance negative, PMP =

post-motion positive, PMN = pre-movement negative.

Fig 9: Scaleograms of the steady response during active (A), passive (B) and subtracted (C)
conditions for the FCz and 1z electrodes. The VHF ECeG power shows a double burst-pause

consistent with a conditioned climbing fibre response (C-CFR).
Fig 10: Alignment of high frequency power (A & C; UHF/VHF) at Iz with neural potentials

(B & D) for the initial (left column) and steady response (right column). Dashed vertical lines

(grey) illustrate the double burst-pause period and segments 7 to 10 in the ANOVA.
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Fig 11: (A) Main effect of segment and (B) Segment x beat interaction, with modulation
localized to segments 9—-10 (grey shaded area; see D-F). (C) Segment x tempo x beat
interaction, illustrated for beats 1 (left column) and 5 (right column) show little effect of
tempo but marked differences across segments. Beat x segment interaction (D) and main
effect of beat for segments 9 (E) and 10 (F) show divergent changes for the initial beats. * p <
0.05, ** p<0.01, ns = not significant.

Fig 12: Scatter plots illustrating the spatial distribution of dipole clusters in the Y-X (A), Z-X
(B) and Z-Y (C) planes. Overall, these form an exponential distribution (D). CB =
cerebellum, BG = basal ganglia, DCN = deep cerebellar nuclei, DL-PFC = dorsolateral
prefontral cortex, FP-PFC = frontopolar prefontral cortex, ACC = anterior cingulate cortex,
PMC = premotor cortex, PPC = posterior parietal cortex, PCC = posterior cingulate cortex,
SMC = supplementary motor complex, TP = temporal parietal junction, VL-PFC =

ventrolateral prefrontal cortex, VM-PFC = ventromedial prefrontal cortex.

Fig 13: Cerebrum (A & C) and sub-cortical (B & D) sources for cephalic clusters comparing
the initial and steady response (left column) and active and passive conditions (right column).
FP-PFC = frontopolar prefontral cortex, PMC = premotor cortex, DL-PFC = dorsolateral
prefontral cortex, PPC = posterior parietal cortex, PCC = posterior cingulate cortex, SMC =
supplementary motor complex, ACC = anterior cingulate cortex, TP = temporal pole, VL-
PFC = ventrolateral prefrontal cortex, BG = basal ganglia, VM-PFC = ventromedial

prefrontal cortex, CB = cerebellum, DCN = deep cerebellar nuclei.

Fig 14: Scatter plots illustrating the spatial distribution of 11 cephalic clusters marked in bold
in Table 6 in the Y-X (A), Z-X (B) and Z-Y (C) planes. For simplicity only the dominant
cluster areas are shown. FP-PFC = frontopolar prefontral cortex, CB = cerebellum, PMC =

premotor cortex, PCC = posterior cingulate cortex.

Fig 15: Grand mean source currents comparing active (black) and passive (grey) traces for
the initial (A) and steady response (B). R = right, L = left, a-PFC = anterior prefontral cortex,
SMA = supplementary motor area, IPL = inferior parietal lobe, R H = right hemisphere, L H

= left hemisphere of the cerebellum.
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Fig 16: Alignment of grand mean neural potentials (A), source currents (B) and high
frequency power (UHF) at Iz for the active condition. R = right, L = left, PFC = prefontral
cortex, SMA = supplementary motor area, R H = right hemisphere, L H = left hemisphere of

the cerebellum.

Fig 17: Effects of tempo (A; 500 ms, B; 600 ms, C: 700 ms) on cerebral and cerebellar
source currents. SMA source currents exhibit post-N2 tempo-dependent slopes which vary
significantly between the 500 ms (red), 600 ms (green) and 700 ms (blue) rates. Movement-

related post-N2 slopes in the SMA sources converge about 100 ms prior to target (D).

Fig 18: Grand mean scaleograms of source currents for the three tempi; (A) 500 ms, (B) 600
ms and (C) 700 ms. The three sources are shown; pre-SMA (1% row), SMA (2™ row) and R H
VIIIB (3" row).

Fig 19: Circuit diagram summarising the connectivity of cerebral and cerebellar sources with
their inputs and outputs. AN = anterior nucleus of the thalamus, aPFC = anterior prefrontal
cortex, BA = Brodmann area, CFs = Climbing fibers, D1 = type 1 dopamine receptor, D2 =
type 2 dopamine receptor, DCN = deep cerebellar nuclei, GCs = granule cells, GN = lateral
geniculate nucleus, GPe = globus pallidus externus, GPi = globus pallidus internus, IL =
intralaminar nuclei, 10 = inferior olive, IPL = inferior parietal lobule, M1 = primary motor
cortex, MF = mossy fibers, NA = nucleus accumbens, PC = purkinje cells, Pf-CM =
parafascicular-centromedian complex, PFs = parallel fibers, PPN = pedunculopontine
nucleus, Pre-SMA = pre supplementary motor area, S1 = primary somatosensory cortex, SCT
= spino-cerebellar tract, SeN = septal nucleus, SMA = supplementary motor area, SNc =
substantia nigra pars compacta, SNr = substantia nigra pars reticulate, SOL = soleus, SOT =
spino-olivary tract, STN = subthalamic nucleus, TA = tibialis anterior, Utr = utricle, VCT =
vestibule-cerebellar tract, VI = ventral intermediate nucleus of the thalamus, VL-VA =
ventral lateral-ventral anterior nucleus of the thalamus, VN = vestibular nucleus, VOT =

vestibulo-olivary tract, VPL = ventral posterolateral nucleus, VTA = ventral tegmental area.

61



FT14

T14

TP14

101 102
F11 F12
Fp1 | [FPZ] [ Fp2
F9 F10

£7 AF7| [aFa| [aFz| [AFa] LAFS F10

FT13 F5 F3 F4 F6
FT1| erg F1 5 | [E2 FT10l [FT12

FT7 FT8

FC | I'eca Fca| LFCE
FC1| |FCz| |FC2
T13 A1 T7 C5 c3 || c1 Cz||c2]||ca C6 T8 A2

— [cm3 CP1| [CPz] |CP2] o, —

TP7 TP8

TP11 p3 | LP1] P2 P2 | P TP12
TP13 P5 P6
P7 PO3| |POz| |PO4 P8
P9 PO7 PO8 P10
P11 PO9 o1 ] L% Moz PO10 P12
P13 P14
PO11 11 Iz 12 PO12
PO13 SO11 Sz S012 PO14
SO13 Bz SO14




A Passive

Head Tap

6 B R RO e e ) X
d M MDY MY
Count

X @@ @ @@l X
7 M| M| MM T
B Active

SIS SR SILSN SR
MMM MM DT
XX= | = == X
7 M| MY MDD T




Sol (corrected)/

12N
360 mG

Force / /

Acceleration

Os

100 pv |

/

Sol (corrected)

Force
Acceleration

AdAAAN
TA /
L4 anae

Sol (corrected)

Force
Acceleration

1.0s

SOL peak  TA contraction
TA relax /

|

()/TA peak

‘_

Sol (corrected)

2.6 3.0 34s

: Force peak
E @ 0P

Force

Acceleration

2.6 3.0 345



ANOVA effects

A Asynchrony B Variability C Amplitude
Main effect of block
.055 1.0
.04 = 0.074 i w n.s
.03 >
» — x 0.8-
L .02 - @ 045 o
— ' e
o 011 o o 0.6
J €
O 035 <
-.01 : 5 ) n . p > 3 7 0.4 y 5 3 4
Block Block Block
Main effect of tempo
.05 e .0551 www 107 n.s
03 - e
w o X 08
— .01 o 045 @
< S 061
-.01 - g
-.03 .035 0.4
500 ms 600 ms 700 ms (ISI) 500 ms 600 ms 700 ms (ISI) 500 ms 600 ms 700 ms (ISI)
Tempo Tempo Tempo
Main effect of beat
.06 7 * .06 W *kk 1.0 *%k
04 - >
Ol % 057 S 0.8-
— .02 - I; )
< 1 a
0- .04 S 0.6 -
<
-.01 03 0.4
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Beat Beat Beat
Beat*tempo interaction Tempo
-O- 500 ms ISI
-@- 600 ms ISI
021 xk 07 1 n.s 1.0 @ 700 ms IS! n.s
.06 4 .
>
0.1- 0.8
— o,
< © .04 4 o
0 g 06
.03 <
-0.1 .02 0.4

-
N
w
IS
a
»

Beat

1 2 3 4 5
Beat

D



Asynchrony

A Main effect of stage

0.1+ *kk

— O 7
@
= i
< 0.1

0.2 -

1 2 3 4
Stage

B Main effect of tempo

-.02 *kk
0
— -.06 -
<
-.10
500 ms 600 ms 700 ms (ISI)
Tempo

C Beat*tempo interaction

0.1 1 *kk
w 0 §\
|_
< Tempo
-0.14 -O- 500 ms ISI
-@- 600 ms ISI
-®- 700 ms ISI
-0.2

Variability

D Main effect of stage

.06 ~ ok

.04+

o (s)

.02
1 2 3

Stage

N

E Main effect of tempo

0507 exx

n
~ .035-

:

.020

500 ms 600 ms

Tempo

700 ms (ISI)

F Main effect of beat

.057 kK

.03
1. 2 3 4 5 6
Beat

o (s)

G Beat*stage interaction

.07 ~
* Stage
-0 1
- 2
057 = 3
v 4
©
034 . ,
L :
It
.01




# initial negative/positive
deflections at FCz

+ rapid multiple
negative/positive
deflections at Bz

- Active
= Passive




oy — Active — Active
A Initial response B Steady response — Passive

— Passive

SL ML LL SLmL LL
T LL1 LL2 o LL1 S

Stimulus 1uv

artefact \

Stimulus Tuv

artefact \




A Grand means (steady response) — Active
Sol EMG

FCz electrode Bz electrode — Passive

Active Active

500 ms :

IF’136

P40~ /F’109 P380

700 ms :

%

Passive Passive
f \
s00ms: | N2 500 ms | m
W “ I \ {MV W\”Nh \ /vﬂ : M‘Wf““\. M‘\ MJ "‘ J"J"J’ ! .«J’\ N\ J: Hb |y *‘L”" ‘\" \A»"Wﬂ"’iw'w'wﬂ"’
54\ \ / :\“ ‘\wm/ | ”r‘ ‘u‘ : H“
Y : | N23 oo :
. N4o o : | |/ TUN123 :
- ) /N1a v L I ?Ngy/N188 b
600 ms : I\ N1b/,.mw,%WW EN | /N{M.WWW 600 m? “\‘ | /y . l”\ “w‘ ,/’w
Mvw?"\\/ \\ /' %W?y‘, ! v‘\\,‘ /; : VM W“U ‘m , ‘l,u *Nﬂ,hwﬂwr‘g‘w M«/ \v\\ m ww',v 'MAW A Uy
1\ o I Al
P24P60 "‘\NJ v\v/ : 1 “V I / P1 09 L 1 “V I
oo | P40 P78
: /N2 » | \
s 0 il M " A
700 ms : J\‘”\\“\\x\ / \NWM'\‘MW i f\ [ “’“M“mwm y 700 m? [ J /\ *N[WK B .Z‘M I ,\iﬂ'{"‘”H T
s “ v v\ M mj v“ ’//* : A gl ¥ ﬁ\m “ W ‘“""-\.w«w’m,,«'“‘\»w-“” YR eV \H d WwW%Ww;,wL/,r \ ,mwpﬁ,\
T / R | = 2 ) o
W W 100 ms : : 100 ms
B Grand means across templ
Active Passive Active - passive
P2 N2
: N40 . (down) (up)
: RAN1 (UP
FCz / N1a N2 / / RAN2 / MN
PMPY omps 02wV

P60 P2
— Grand mean

Individual responses

N23 N23N59
‘(A : N94
: N94 : Bz
Bz : / | 123 Bz 5 N123
: /_—N188 :

P136  p3go : /P136
P109 P109

P40 P78 100 ms pao P78 100 ms 100 ms



Frequency (Hz)

'
N

|
' [
N -

Frequency (Hz)

A Active B Passive

C Active - passive

3
300 "
100 N N
1
3 E :
o fut s
10 19 © e
S -2
-3
3

N
w
o
o
'
-
N w

N

o
dB re 1uV?
8
o
dB re 1uV?

dB re 1uV?

e e —————
-3 i i i i i i e P i)
0.2 0 0.2 0.4

burst2—_ Time (s) Time (s) Time (s)

burst1~
VHF VHF VHF

™~ pause1 1dB 1dB
1dB




Initial response Steady response

A High frequency power (lz) C High frequency power (1z)

éL\ :)@T' \éQ/ 9qf)/ 20 ms @\'\ @q',\ \éO/ 9qf)/ 20 ms
< Qf&’ < Qrz?’ & Q’§ < Q‘??
B Neural potentials D Neural potentials

/N1

-~ N26 < py ;. .-N26 ~~P2




dB re 1uVv*

dB re 1uV*

dB re 1uV?

dB re 1uV?

-3.0 -3.0

A Main effect of segment B Segment*beat interaction

* Referto D, E and F
*%*
2.0+ 0.079 3.0+
% -
J Beat
i o ) | ‘ ~
il | " =
-1.0 1 o -1.01 —4
il : :
1 L 1 1 1 © - i —6
- | —7
-4.0 ~ -5.0
12 3 4 5 6 7 8 9 10 11 12 13 12 3 4 5 6 7 8 9 10 11 12 13
Segment Segment
* . . ,
C Segment*tempo*beat interaction Tempo
— 500 ms
Beat 1 Beat 5 — 600 ms
post-CS ~ .
2.0 2.0 burst2 Egj‘seczs 700 ms
L
- LI 1 -
1.0 4 ~ -1.0 1
e
1 o
-O 4+
- 7 pre-US
pause
-4.0 -4.0
12 3 4 5 6 7 8 9 10 11 12 13 12 3 4 5 6 7 8 9 10 11 12 13
Segment Segment
D Beat*segment interaction
2.0+ Segment
—9
1.0 1 — 10
O-
-1.0 1
-2.04
-3.0
1 2 3 4 5 6 7
Beat
E Main effect of beat (segment 9) F Main effect of beat (segment 10)
2.0- — % * n.s — 20- |—~k~k ——N.s 4—N.s —

1.0 i I 1.0 1
O_

dB re 1uV?

AT | | FH

1 2 3 4 5 6 7 1 2 3 4
Beat Beat



A

80 A

40 A

Y-axis

-120 -

L Hemisphere

R Hemisphere

L Hemisphere

R Hemisphere

80 < :
© o B °
4 ° o .
6018 0 2% ¢ W o
Q op0 © o 00 go . 830
a *2008 TG ° ©
40 - ° K ° ;0& 0°¢® :5' .‘Q.o o OomJ .
‘2 ° ’O'-@CD o ® oé}'g oL X o®0 égco-"
x % & & foe
© 209 o L, L W S A
h 0,C8%8240 0 o 0% ° 0% PV 07 o 00
N RS TERRA T A S L e
0 : o
0 v .l’;.'..!...f'.' :-= N o"‘ "
e ~°’o:o:"o % o0g ° Lad 6.
° : °
20 4 o % . ° . ’ ° ..O:¢. .o.‘o..:.
o [ o HE ® o L
. °e°% o ° i o o8 0% e
wfE L e el Al
‘E ® ° '.000.000 ° 5
608 * Sphnialiie i od)e

Frequency

Z-axis

150 -

C

80 -
60 -
40 -
20 -

0

Dorsal

234567 89101112131415161718
N

Caudal

-20

40 -

-60 -

Ventral

-100 -60 -20 20 60

@ Anterior CB
@ BG

@ Brainstem
O Cuneus

@ DCN

@ DL-PFC
@® FP-PFC
@ Inferior CB
O Lateral CB
O MID-PMC 6
@ ACC

@ Occipital
© PC

O PPC

® Premotor 6
O Premotor 8
O SMC

@ Temporal
O TP

O VL-PFC

@® VM-PFC



Count

Count

50 -

40 -

30 1

204

10 -

60 -

40

20

M Initial response
M Steady response

M [nitial response
M Steady response

Count

Count

B Active
B Passive

B Active
B Passive




Y-axis

Z-axis

L Hemisphere R Hemisphere
80 O~ H
© HP
7 ‘§ o..:* .'. °:° ;‘. .;”o"o
- ° .
40 & ¢ @ Brainstem
1 optio%° O Cuneus
i gL @ FP-PFC
1 o :9{%@:&5 . o @ Inferior CB
40 H 0
40 ] o , 0..3. .:. }..i: o :o 8|\P/||L[é_P|\/|C 6
Do
-80 4 o @ o :'%' i
13 o f°&
S e
1204 :
.70 -50 -30 -10 10 30 50 70
B X-axis C
L Hemisphere R Hemisphere Caudal Rostral
80 7 80 7 ;
© [ o) ©
60 g < ’ 60 - 2
] o0 ; QD [*]
Q » O%@& o0 O Q
40 - 40
O @ 7))
o % § 0 %, geord 2
20 A . 20 A
& easty 3
0 Growrrnl0 0
°Q o [} d. ¢
° [ °
-20 - ° 20 -
_40-§ Q ° .oo.°. -40-§
1 Sop @% % 1
6048 -W‘W'u\. 60 {9

£
o
'
)
o
'
w
S
'
AN
IS
N
IS
w
<)
o
o
~
IS)

-100 -60 -20 20 60



A Initial response

= Active
== Passive

pre-SMA

SMA

L IPL

R IPL

Brainstem

L H VIIA A

R H VIIA

20 nA

100 ms

B Steady response

L a-PFC

R a-PFC

L IPL

RIPL

i

Brainstem

BN

R HVIIB

g b

L H VIIIA

AN

A RPPRAYl

R HVIIA

N40
/

™ P60

N60

P78

= Active
== Passive

tempo dependent
variable slope

/

.~ +

20 nA

100 ms



Steady response — Active

A Neural potentials

FPZ vj\/\/ww
N40

/ N1a

FCz VAL
ey
N27
s
P24 S aaffin
PO9
A NNAAN
P22 —T

| N17

PO10
Nos | N8
P14a—"

Bz
W

/'

P4p pra”” 4V

B Source currents

R a-PFC

37.0ms —» /62.0 ms

pre-SMA

/ 60.3 ms
SMA

20 nA

Brainstem

13.0ms -

33.3ms 60.3 ms
¥ e

R HVIIB +
AN s

224 ms —"

789 ms
43.1ms
L H VIIA +

Y g

224 ms —~

R H VIIA +

AP SN A

13.1ms—"

30nA

C High frequency power (Iz)

23.1 ms (B1b)

15.2 ms (B1a)\
UHF

— 60.3 ms (B2)

1dB

T~79.7ms (P2)

316 ms (#1a)// 20 ms
41.4 ms (P1b)



D Movement-related slopes

== Active
== Passive

C 700 ms

B 600 ms

A 500 ms

02s

0w n n n 0
EEE € E
H coo oo
N o OO o O
n o n n 0 © ~ 0 ©
ggeg < < E 111 11
o
288 o |o
w O~ =
11 A -
o
~J
...’.-“
- o
7
1
< 1
%) ** - <
I r - . -
#.. © o~ 0 < o <Q © N © < o
(wu) sjuaund 82Inog (wu) sjuauno 82In0g
o) o)
8 o} o} 8
£ £ £ £
9o Qo Qo Qo ®
£ £ = < £ E
= 2 2 IS 2 8
= <~ - - T

MA
RIPL

\s

tempo dependent
variable slope
20 nA

100 ms

/

R HVIIIB

20 nA
100 ms

/ \_SMA

tempo dependent
variable slope

160

ﬁi‘ W

SMA
RIPL
R HVIIB



Frequency (Hz) Frequency (Hz)

Frequency (Hz)

30 o SR Y TN

A 500 ms
pre-SMA | |
i ‘ ’ | T ‘
300 " ‘ | »‘u 11 I 1# i‘ ; ; R VH | il
i) I 0 Lkl ‘ | ‘\ U A \‘. |
100 ,'l‘ ""‘}, I M ! |(| “U‘ % H 11 ‘\ “‘ f 1 i : | | “[‘:“‘
‘ It 1T “‘ I ) y i I“'

100 = L
L i { | ! ‘:
a0\ ! ' f I' “‘ 'L |:
10— b p 7
3 -
34 — h
- —
] - . .
i i I [ ! ! ! I
05 0 05 1.5 25 33 o

s 8 8
dB re 1nA

(=)

=N
=

N w
o o

)
dB re 1nA

30

R
dB re 1nA

(=)

L
o

B 600 ms

1.5

s B g
dB re 1nA

o

=N
o

o = S 3
dB re 1nA

N
S}

o = S 3
dB re 1nA

=
o

C 700 ms

300 |
100 “
30
10

100

30—

R

10 -

w
1
T

dB re 1nA

-10

dB re 1nA

-10

30

20

10

dB re 1nA

-10



—-|VTA

aPFC _5 | Pre-SMA i SMA 5| M1 S1 - IPL
BA 10 BA6 ! BA6 BA 4 BA 1,2,3 BA 40
/r A AA L L A A AMN | A A A
V |
A4 [
NA D2 Striatum D1 VL-VA| VPL Vi j————=—=—====
A 4 pr.cml ! Cerebellum
GPe SNc SN |
; AN b 4 MF1 GCs
1
%,
>| STN GPi/SNr| | A A4 14 Pons :>=
I A l_>
| | Ve ' @ | |PFs
<€ — =
SCT
SeN PPN |€—— ; 1‘#
L < DCN <—:—‘ PC
>| Hippocampus | <€ I ’j\
= —| VN : CFs
Dopaminergic output |
Cerebellum output I voT !
Cortico-cortical connection SOT .l o :
Hippocampus output - o __
Basal ganglia output
Cerebral cortex output Utr
Motor output e
Vestibular input ( v

Somatosensory input

<€
TA SOL



TABLE 1: Latencies and amplitudes of potentials at Fcz.

Wave | Latency (ms) | SE Amplitude (uV) | SE

P24 24.2 0.5 1.65 0.64
N40 39.1 1.1 3.14 0.54
P60 57.6 0.9 1.05 0.57
Nla 73.9 1.2 1.62 0.31
N1b 104.9 1.7 0.02 0.50
P2 165.7 4.2 4.06 0.38
N2 315.2 6.4 1.83 0.25




TABLE 2: Latencies and amplitudes of potentials at Bz.

Wave | Latency (ms) | SE Amplitude (uV) | SE
N24 23.2 04 2.8 0.7
P40 40.1 1.0 4.1 0.9
N60 59.2 1.0 5.6 2.1
P78 77.8 0.8 34 1.7
No94 94.4 1.2 1.8 0.5
P110 109.8 0.9 1.8 0.7
N120 122.9 0.9 1.7 0.5
P135 136.1 0.7 1.2 0.4
N190 187.8 2.9 2.5 04
P370 373.0 4.7 2.4 0.3




TABLE 3: ANOVA outcomes for high-frequency power at Iz.

Passive Active Combo

Effects df F P F )4 F p
ACTIVITY 1,9 33 =.10
TEMPO 2,18 1.2 ns 1.5 ns 2.4 ns
BAND (BA) 2,18 29.3 <.001 | 40.2 <.001 | 35.0 <.001
BEAT (BE) 6,54 4.7 <.05 | 1.0 ns 2.1 ns
SEGMENT (SEG) | 12,108 | 5.3 <.05 |47 <.05 |52 <.05
BA*BE 12,108 | 3.4 <.05 ]0.72 ns 2.2 ns
BA*SEG 24,216 | 9.1 <.001 |89 <.005 | 9.7 =.001
BE*SEG 72,648 | 3.4 <.05 4.1 <.005 | 4.8 <.01




TABLE 4: ANOVA outcomes for high-frequency power at S by 4 grid.

uGamm VHF UHF
Effects df F p F p F p
X 4,36 13.4 <.001 |15 ns 24 ns
Y 3,27 1.0 ns 40.2 <.001 | 35.0 <.001
BEAT (BE) 6,54 0.7 ns 1.0 ns 2.1 ns
SEGMENT (SEG) | 12,108 6.6 <.01 4.7 <.05 5.2 <.05
X*SEG 48,432 53 =.005 | 0.72 ns 2.2 ns
Y*SEG 36,324 1.0 ns 8.9 <.005 | 9.7 =.001
X*Y*SEG 144,1296 2.0 ns 4.1 <.005 | 4.8 <.01
BE* SEG 72,648 4.4 <.05




TABLE 5: Clusters from source analysis of SL/ML potentials, passive condition, steady response.

ZONE N | X Y Z | Location Gyrus/Area BA/SA
CEREBRAL 7 |30 67 -6 | Frontal SFG 10
CORTEX 3 |4 66 0 MeFG/SFG 10

16 | -32 69 2 SFG/MiFG 10

4 | -48 39 -16 IFG /MiFG 47/11

7 |55 49 21 MiFG 46/45

2 | -40 40 10 MiFG/IFG 46/10

7 |-51 23 13 IFG/PrCG 45/46

3 |40 22 37 MiFG/ PrCG 9/8

7 19 13 48 SFG/MeFG/CG 6/32/8/24

4 -3 9 53 SFG/MeFG 6

3 119 -1 32 | Limbic ACG 24

3 13 -8 45 | Frontal/Limb ACG/ MeFG/PCL | 24/6/31

4 |11 -32 38 | Parietal PCG/Precun 31/7

3 |-20 -47 -10 | Temporal PHG/ FG 19/37/36

3 139 -55 -12 FG 37

14 |1 -90 9 Occipital Cuneus/LG 18/17
SUB-CORTEX 3 (2 -14 -55 | Brainstem

4 |14 -23 -55

2 |24 -6 -5 | Basal Ganglia | Putamen

2 |31 -39 -31 | Cerebellum Anterior HV

2 |27 -83 -20 H VI

2 |41 -85 -29 Lateral Crl

5 |38 -81 -44 Crll

3 127 -74 -42

10 | 26 -74 -51 Posterior H VIIB/ H VIITA

3 |-18 -72 -54 H VIIIA

2 |-16 -57 -55 H VIIIB

14 | 22 -51 -55

4 112 -54 -55 H VIIIB/IX
NON-CEPHALIC |3 |17 77 -25 | Ocular

2 |-35 51 -37

6 |5 71 -42

6 | -1 58 -54

4 125 60 -48

6 |13 21 -54

6 | 65 26 -19 | Artefact

8 |70 -5 -11

5 |73 -29 -5

2 |34 -23 -54 | Neck

Abbreviations: Anterior cingulate gyrus (ACG), Brodmann area (BA), fusiform gyrus (FG), inferior frontal
gyrus (IGF), lingual gyrus (LG), medial frontal gyrus (MeFG), middle frontal gyrus (MiFG), paracentral
lobule (PCL), para-hippocampal gyrus (PHG), posterior cingulate gyrus (PCG), pre-central gyrus (PrCG),
Schmahmann atlas (SA), superior frontal gyrus (SFG). Definitions: N is the cluster weight, i.e. dipoles per
cluster from 15 runs; X, Y, Z are Talairach and Tournoux coordinates (Talairach and Tournoux 1988);
cerebellar nomenclature is from the Schmahmann atlas (Schmahmann et al. 1999).



TABLE 6: clusters of clusters (Six epochs, four conditions)

W X Y Z Side Sub-Zone Gyrus/Area BA/SA
CEREBRUM
Frontal 48 29 |62 |10 | Right Fp-PFC MiFG/SFG 10
53 34 |61 |8 Left Fp-PFC MiFG/SFG 10
9 -48 | 44 | -15 | Left VL-PFC IFG/MiFG 47/11/10
23 54 |38 |15 | Right DL-PFC MiFG/IFG 46
13 -50 | 22 | 21 | Left DL/VL-PFC MiFG/IFG 46/45/9/44
18 39 |20 | 48 | Right lateral PMC SFG/MiFG 8/6
12 9 19 | 32 | Midline | Limbic (VM-PFC) ACG 32/24
13 26 | 19 | 46 | Left lateral PMC MiFG/SFG 8/6
44 1 8 55 | Midline | Med PMC (pre-SMA) | SFG/MeFG 6
6 -17 | -4 |34 | Left Limbic ACG 24
29 -1 -26 | 53 | Midline | Med PMC (SMA) MeFG/PCL 6/5
Temporal
18 -45 | -7 -8 Left Temporal Ins/STG 21/13/22/38
8 58 | -15 | 13 | Right Temporal/Parietal TTG/STG/PrCG/PoCG 42/41/43/22
16 56 | -22 | -20 | Right Temporal ITG/FG/MTG 20/21
15 -47 1-50 | 6 Left Temporal STG/MTG 39/22
10 43 | -59 | -11 | Right Temporal FG 37
Parietal
33 -45 | -23 | 25 | Left Parietal/PPC Ins/PoCG/IPL 13/2/40
24 40 | -36 | 26 | Right Parietal/PPC Ins/IPL 13/40
10 -11 | -43 | 33 | Midline | Limbic/Parietal/PPC CG/Precun/SPL 31/7
12 3 -66 | 25 | Midline | Occipital/Parietal/PPC | Precun/SPL/Cuneus 31/7/23/18
Occipital
8 -17 | -67 | -5 Left Occipital LG/FG 18/19
32 7 -91 | 11 | Midline | Occipital Cuneus 18/19
SUB-CORTEX
Brainstem 25 -2 -28 | -55 | Midline | Brainstem
Cerebellum 53 27 | -47 | -51 | Right Posterior Lob biv, pars cop H VIIIB
11 -49 | -63 | -22 | Left Lateral Semilun lob, sup Crl
44 -18 | -70 | -50 | Left Posterior Lob biv, pars parafloc H VIIIA/VIIB
49 22 | -75 | -48 | Right Posterior Lob biv, pars parafloc H VIIIA/VIIB
18 35 | -86 | -22 | Right Lateral Semilun lob, sup Crl

Abbreviations: Anterior cingulate gyrus (ACG), Brodmann area (BA), dorsal-lateral (DL), fusiform gyrus
(FG), fronto-polar (Fp), inferior frontal gyrus (IGF), insula (ins), lingual gyrus (LG), medial frontal gyrus
(MeFG), middle frontal gyrus (MiFG), paracentral lobule (PCL), para-hippocampal gyrus (PHG), post-
central gyrus (PoCG), posterior cingulate gyrus (PCG), pre-frontal cortex (PFC), pre-motor cortex (PMC),
pre-central gyrus (PrCG), Schmahmann atlas (SA), superior frontal gyrus (SFG), supplementary motor area
(SMA), ventral-medial (VM). Definitions: W is the super ordinate cluster weight, i.e. sub-clusters per
cluster from 24 combinations; X, Y, Z are Talairach and Tournoux coordinates; cerebellar nomenclature is

from the Schmahmann atlas.
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