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Transcranial magnetic theta-burst stimulation of the human
cerebellum distinguishes absolute, duration-based from
relative, beat-based perception of subsecond time intervals
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Cerebellar functions in two types of perceptual timing were assessed: the absolute (duration-
based) timing of single intervals and the relative (beat-based) timing of rhythmic sequences.

Continuous transcranial magnetic theta-burst stimulation (cTBS) was applied over the medial
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INTRODUCTION

The current understanding of cerebellar functions includes
motor learning (Glickstein, 1992; Thach et al., 1992) motor tim-
ing (Ivry et al., 1988; Ivry and Keele, 1989; Hore et al., 1991),
sensory timing in motor control (Gao etal., 1996; Ivry et al., 2002;
Koekkoek et al., 2003) and sensory timing in purely perceptual
tasks (Gao et al., 1996), the focus of the present work. Perceptual
timing of sensory input is particularly important in the auditory
modality where the processing of speech and music requires the
absolute, duration-based timing of intervals relevant to pho-
neme identification and the relative timing of intervals based on
a regular beat as in musical rhythm (Klatt, 1976; Fraisse, 1984;
Povel and Essens, 1985; Rosen, 1992; Patel et al., 2005). Recent
studies in neuropsychology (Ivry and Keele, 1989; Nichelli et al.,
1996; Malapani et al., 1998; Mangels et al., 1998; Harrington
et al., 2004), functional imaging (Jueptner et al., 1995; Penhune
etal., 1998; Mathiak et al., 2004; Xu et al., 2006; Grahn and Brett,
2007; Chen et al., 2008) and transcranial magnetic stimulation
(Koch et al., 2007; Lee et al., 2007) implicate the cerebellum in
perceptual and motor timing using tasks of absolute or relative
timing (for recent review see Koch et al., 2009). The involvement
of the cerebellum in the timing network of the brain is widely
accepted, but the understanding of the mechanisms of timing
still limited (Ivry and Schlerf, 2008). Models of perceptual timing
suggest the existence of duration-based (or interval) and beat-
based (entrainment) mechanisms (Pashler, 2001; McAuley and
Jones, 2003; Jones and McAuley, 2005), supported by behavioral
data from previous psychophysical studies (Monahan and Hirsh,
1990; Rammsayer and Brandler, 2004; Foxton et al., 2006; Grube
and Griffiths, 2009). The neural substrates of this dissociation
remain to be identified.

cerebellum and performance was measured adaptively before and after stimulation. A large
and significant effect was found in the TBS (n = 12) compared to the SHAM (n = 12) group for
single-interval timing but not for the detection of a regular beat or a deviation from it. The data
support the existence of distinct perceptual timing mechanisms and an obligatory role of the
cerebellum in absolute interval timing with a functional dissociation from relative timing of
interval within rhythmic sequences based on a regular beat.
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We propose here a functional dissociation of absolute, duration-
based and relative, beat-based timing, and hypothesize that the
cerebellum performs an obligatory role specific to absolute tim-
ing. The role of the cerebellum in the perceptual timing of single
intervals and rhythmic sequences was tested by the assessment of
the effect of continuous transcranial magnetic theta-burst stimula-
tion (cTBS) (Huang et al., 2005). Stimulation was applied over the
medial cerebellum, which has been reported to be a suitable site
to interfere with perceptual timing in previous studies using other
tasks and traditional rTMS (Koch et al., 2007; Lee et al., 2007). The
effect was tested for three auditory timing tasks, including one
of absolute timing of single intervals and two of relative timing
that allowed time-interval measurement based on a regular beat.
The study allows the direct assessment of (i) the specific cerebellar
“stopwatch” role in absolute, duration-based timing of individual
auditory events and (ii) the functional dissociation from the rela-
tive, beat-based timing of rhythmic sequences. The hypothesized
effect of TBS as a test of cerebellar function was an acute interfer-
ence with duration —but not beat-based timing that would parallel
the same dissociation found in chronic lesion due to cerebellar
degeneration (Grube et al., 2010).

MATERIALS AND METHODS

SUBJECTS

The TBS group included 12 males of 23.5 * 4.5 years of age; the
matched SHAM group included 12 males of 22.3 = 4.2 years of age.
All participants were students from the University of Sheffield and
right-handed as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971). The study was approved of by the ethics commit-
tee of the University of Sheffield and all participants gave written
informed consent.
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TBS PROCEDURE

The TBS setup consisted of a Super Rapid magnetic stimulator
(Magstim UK) with a 70 mm figure-of-eight coil. The position-
ing of the coil was adopted from a previous study demonstrating
efficient intervention with cerebellar processing (Lee et al., 2007).
Stimulation was applied over the medial cerebellum, 1 cm below
the inion used as the external anatomical landmark for guidance
as in Lee et al. (2007). The region beneath the center of the coil
corresponded to the vermal part of the inferior edge of the lobule
VIbordering lobule VIIA (Schmahmann et al., 2000). Stimulation
was performed at an intensity of 80% of the resting motor threshold
(Rossini et al., 1994; Lee et al., 2007). Resting motor threshold was
individually determined as the level which reliably induces a finger
movement in 50% of the stimulations according to Pridmore et al.
(1998). Based on the physical distance between the scalp and the
brain surface, the estimated effect of cerebellar stimulation would
amount to about 75% of that of the identical stimulation applied
to the motor cortex (Del Olmo etal.,2007). The coil was positioned
tangentially to the scalp with the coil handle pointing upwards for
effective TBS stimulation, and at 90° angle for SHAM stimulation.
Magnetic stimulation was applied following a powerful protocol
of continuous TBS, which has previously been shown to be more
efficient than traditional rTMS (Huang et al., 2005). TBS consists
of bursts of three pulses delivered at 20-ms intervals (50 Hz), that
are repeated every 200 ms (5 Hz) and was applied continuously
for a 40-speriod, equaling 600 pulses in total. The estimated dura-
tion of the TBS effect was based on our previous experience with
cerebellar stimulation (Lee et al., 2007; Bijsterbosch et al., 2010)
and the effects of the same protocol of 40 s ¢cTBS applied to the
motor cortex lasting for 1 h (Huang et al., 2005); total testing time
for all four tasks was confined to less than 30 min. During and
following TBS, none of the subjects reported any adverse effects.
Some subjects experienced mild neck muscle contraction during
TBS. Contraction of superficial musculature is experienced wher-
ever TMS is applied to the cerebrum and does not interfere with
the effect on the target area. We chose the inion as a site that has
minimum muscle depth whilst at the same time providing access
to the underlying cerebellum.

PSYCHOACOUSTIC TESTING

Tests were based on a two-alternative forced-choice paradigm fol-
lowing a two-down-one-up adaptive threshold tracking algorithm
(Levitt, 1971). Each test included a minimum of three practice
trials to familiarize the subject with the task, followed by 50 test
trials; each trial contained one reference and one target stimu-
lus. The position of the target was pseudo-randomized at equal
probabilities across trials and fixed across subjects. Subjects com-
municated their response by pressing corresponding buttons on
a response box. The difference between target and reference was
well-above average thresholds initially and was adaptively decreased
and increased after every two consecutive correct responses and one
incorrect response, respectively. A larger initial step size was used
up to the fourth reversal, i.e., a change from decrease to increase
or vice versa; after that a smaller step size was used. Interstimulus-
and intertrial-intervals were 1500 ms each. Response time was not
limited, but subjects were encouraged to make immediate deci-
sions. Discrimination thresholds were calculated as the mean of

the last six reversals, i.e., as the 70.9% correct point of the psycho-
metrical function (Levitt, 1971). Each subject performed the four
tasks before and immediately after magnetic stimulation; the order
of tasks was systematically rotated between subjects. Total session
duration was less than 2 h, including explanation, pre- and post-
stimulation testing (less than 30 min each), magnetic stimulation
and short breaks.

Stimuli were created and delivered using Matlab 6.5 (The
Mathworks) with 44.1 kHz sampling rate and 16-bit resolution.
The stimuli were delivered at 70 dB rms Sound Pressure Level via
an external soundcard (Edirol Audio Capture UA-3FX) and closed
headphones (Sennheiser HD265 linear). All stimuli were composed
of 200 Hz pure tones of 100 ms in duration including 20 ms gat-
ing times.

Single-interval duration discrimination

Subjects were required to discriminate between alonger target and a
shorter reference interval of variable duration (Figure 1A). Intervals
were marked by pairs of tones; references had inter-onset-intervals
0f 300, 360,420, 480, 560, or 600 ms, presented at equal probabilities
in a fixed randomized order. The initial difference in duration was
90% of the reference interval; the large and the small step size were
12% and 6%, respectively.

Regularity detection (Reg)

Subjects were required to discriminate between a more regular
target sequence and an irregular reference sequence based on the
detection of the underlying regular beat of 400 ms (Figure 1B).
Sequences were composed of 11 tones. The reference had a mean
irregularity of 30%, rendering the underlying pulse impercepti-
ble (Madison and Merker, 2002). The target had an initial mean
irregularity of 0%, which was adaptively controlled in steps of 4%
and 2.5%. Irregularity was introduced by randomized shortenings
and lengthenings of individual intervals, evenly distributed in the
range of the mean * 50% of the mean.

Isochrony-deviation detection (Iso)

Subjects were required to detect a lengthening of one time inter-
val within a sequence based on an otherwise isochronous beat
(Figure 1C). The reference sequence consisted of five tones at
inter-onset-intervals of 300 ms, the target included a lengthening
of the third interval. Initial difference and step sizes were 60, 6, and
2 ms, respectively.

Intensity discrimination
Subjects were required to discriminate between a louder target and
a softer reference tone. The initial difference was 7 dB, step sizes
were 0.75 and 0.25 dB.

STATISTICAL ANALYSIS

Distribution of data samples was tested by the Lilliefors-corrected
Kolmogorov—Smirnov test for normal distribution. All data were
almost exclusively normally distributed and variance was equal
between samples with only minor deviations, and parametric
tests were used to analyze effects of TBS vs. SHAM stimulation.
Effects were investigated by calculating the individual ratios of
post- vs. pre-stimulation thresholds, where a ratio greater than
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unity indicates a drop in performance and a ratio smaller than
unity an improvement in performance. Between-group compari-
sons of effects of TBS vs. SHAM stimulation were carried out by
the independent t-test, within-group effects by the paired -test;
significance level was p = 0.05.

RESULTS

The effect of cerebellar TBS in comparison to SHAM stimulation
was measured for the timing of single intervals (absolute timing
task), the detection of a regular beat (relative timing task), and the
detection of a deviation from an isochronous beat (relative timing
task) (Figure 1). A non-timing control task of intensity discrimina-
tion was administered alongside. Thresholds were compared before
(pre) and after (post) stimulation, and the effect of stimulation was
calculated as the ratio of post- vs. pre-stimulation thresholds for
the application of TBS (n = 12) or SHAM (n = 12). A significant
effect of TBS compared with SHAM stimulation was found for
the absolute, duration-based but not for the relative, beat-based
timing tasks.

SINGLE-INTERVAL DURATION DISCRIMINATION

In the single-interval timing task, subjects had to discriminate
between a longer target and a shorter reference interval of vari-
able subsecond duration (Figure 1A, Var). In agreement with our
a priori hypotheses, there was a consistent increase in thresholds
in the TBS group but not in the SHAM group (significant at the
level p < 0.05, paired t-test; Figure 2A), and there was a significant
difference in the post/pre threshold ratio in the TBS compared to
the SHAM group (Figure 3A; significant at the level of p < 0.05,
independent #-test).

REGULARITY DETECTION

This task required the detection of a regular beat despite the intro-
duction of an increasing amount of irregularity in an 11-tone
sequence (Figure 1B, Reg). Based on the hypothesis that mecha-
nisms for absolute and relative timing are distinct, the detection of
aregular beat was not expected to depend critically on the absolute
timing of single intervals and thus not expected to be affected by
cerebellar TBS. There was no effect of stimulation on thresholds

in the TBS or SHAM group (not significant at the level p < 0.05,
paired t-test; Figure 2B) and no significant difference in the post
vs. pre threshold-ratio between groups (Figure 3B; not significant
at the level of p < 0.05, independent #test).

ISOCHRONY-DEVIATION DETECTION

In this task, subjects were required to detect an increase in the
duration of one interval of an otherwise isochronous sequence
(Figure 1C, Iso). The detection of a deviation from isochrony was
hypothesized to be based on the timing of intervals relative to the
beat rather than on the absolute timing of single intervals. Hence,
as expected, there was no significant increase in thresholds in either
group (not significant at the level p<0.05, paired #-test; Figure 2C)
and no difference found in the pre/post threshold-ratios between
groups (Figure 3C; not significant at the level of p < 0.05, inde-
pendent f-test).

INTENSITY DISCRIMINATION

In this non-timing control task, where subjects had to identify
a louder target against a softer reference tone, there was no sys-
tematic TBS or SHAM effect on thresholds (not significant at
the level p < 0.05, paired f-test) and no difference in the post/pre
threshold-ratios between groups (not significant at the level of
P <0.05, Mann—Whitney U test).

DISCUSSION

The present work tested the role for the cerebellum in two types of
perceptual timing by comparing task performance before and after
cTBS over the medial cerebellum. A significant effect of TBS com-
pared to SHAM stimulation was shown for the absolute, duration-
based timing of single intervals but not for the relative, beat-based
timing of intervals within rhythmic sequences.

TESTING TIMING FUNCTIONS IN THE CEREBELLUM

The present work used cTBS to test the cerebellar role in duration-
and beat-based timing. It built upon previous reports of: (i) the
dissociation of duration — from beat-based timing in findings in
patients with cerebellar degeneration (Grube et al., 2010), (ii)
the same degeneration progressing from superior—anterior to

100 ms = target
R - = reference
A Dur - changed intervals
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300-600 ms
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- - - - - - - - -
400 ms
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-— ==} ==} =1
I Nl 1 1 J
300 ms
FIGURE 1 | Auditory timing tests: stimuli. (A) Single-interval duration discrimination (Dur); (B) regularity detection with a mean irregularity of 30% as a reference;
(C) isochrony-deviation detection (Iso). Horizontal lines, tones (200 Hz; 100 ms); dotted lines, intervals that differ between target and reference.
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FIGURE 2 | Individual pre- and post-stimulation thresholds for the three
timing tasks in the TBS and SHAM group. (A) Single-interval duration
discrimination (Dur), (B) regularity detection (Reg), (C) isochrony-deviation
detection (Iso). There was a significant effect of TBS on duration discrimination
thresholds (p < 0.05; paired t-test) (A) but no significant effect on those for the
other tasks; SHAM stimulation had no significant effect on any of the tasks.

inferior—posterior and most severely affecting the vermis (Butteriss
etal.,2005), (iii) the effect of medial cerebellar rTMS on subsecond
timer-interval perception (Lee et al., 2007), and (iv) the activation
of the cerebellar vermis in functional imaging (Jueptner et al., 1995;
Penhune et al., 1998).

The cerebellum is a deep structure (compared with cortical areas)
that can be stimulated successfully (Miall, 2001; Bolognini and Ro,
2010), as has been demonstrated by a number of previous studies
(Theoret et al., 2001; Del Olmo et al., 2007; Koch et al., 2007; Lee
etal., 2007; Bijsterbosch et al., 2010). Stimulation here was applied
over the medial cerebellum in the same location as in a previous
study using rTMS (Lee et al., 2007). The spatial spread of the effect
of present protocol of medial cerebellar cTBS would be expected
to extend up to approximately 2 cm laterally toward the cerebellar
hemispheres, with those areas underlying an effect of about 50% of

that at the center of stimulation, i.e., the vermal part of the inferior
edge of the lobule VI bordering lobule VIIA; this estimate is based
on ongoing modeling work in our group (unpublished data) and
using a thresholding algorithm that is in accord with other estab-
lished models (Ruohonen and Ilmoniemi, 1998).

We investigated the effect of medial cerebellar stimulation on
distinct types of perceptual timing, and the data support a role for
the cerebellum in duration-based timing, in particular the possible
involvement of the vermis in accord with the impairment found
after cerebellar degeneration (Grube etal., 2010). They are consist-
ent with a central-to-right-lateralized function as suggested previ-
ously based on the effects of rTMS (Lee et al., 2007) and cerebellar
stroke (Harrington et al., 2004); they do not allow a direct interpre-
tation of a medial-lateral dissociation as suggested for motor timing
functions (Ivry et al., 1988) or of the relevance of the activations of
lateral hemispheres in imaging studies (Wiener et al., 2010).

Our principal finding implicates the cerebellum in inter-onset
timing and specifically in absolute, duration-based timing. This
is consistent with its suggested role in “event timing” and its suit-
ability for the neural basis of a representation of time (Ivry, 1996;
Ivry et al., 2002).

A CEREBELLAR STOPWATCH

The data support the hypothesis that the cerebellum has an obliga-
tory role in the establishment of the representation of time intervals,
in other words a stopwatch-like timing mechanism for measuring
and storing the absolute duration of subsecond time intervals. The
neural circuitry of the cerebellum is suitable for precise interval
timing (Medina et al., 2000; Middleton and Strick, 2001; Middleton
et al., 2008; Habas et al., 2009; Stoodley and Schmahmann, 2009;
O’Reillyetal.,2010), and the anatomical connections with the basal
ganglia and prefrontal cortex (via the thalamus) would allow the
integration within the timing network of the brain (Middleton
and Strick, 1994, 2001; Voogd and Glickstein, 1998; Hoshi et al.,
2005). Recent functional data suggest specialized loops or zones of
cortico—cerebellar connectivity, including one for sensori-motor
functions involving cerebellar lobules V-VII (Habas et al., 2009;
O’Reilly etal.,2010). The fact that stimulation in our study was cen-
tered on lobules VI and VIIA in the vermis would be consistent with
the suggested timing mechanism being part of those sensori-motor
functions. The present findings support the notion of a cerebellar
neural substrate for the perception of subsecond time-intervals
(Lee et al., 2007), and furthermore argue for a specialization on
those time-intervals that are not part of a regular sequence. The
consistent effect of medial cerebellar stimulation in the present and
the previous study by Lee et al. (2007) suggests that the cerebellum
plays an obligatory role in subsecond time-interval perception for
empty intervals (the present study), as well as for filled intervals
(Lee et al., 2007). This would support a common neural substrate
for the timing of the absolute duration of auditory events (e.g., as
in tone duration) and the timing between auditory events (e.g., as
in the inter-onset-interval duration within a pair of tones).

ABSOLUTE TIMING

The interference of TBS with the absolute timing of single intervals
of variable subsecond duration strongly supports an obligatory role
for the cerebellum in the establishment of an internal perceptual
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FIGURE 3 | Threshold ratios for the three timing tasks in the TBS (gray) vs. SHAM (black) group. (A) Duration discrimination for single intervals (Dur), (B)
regularity detection (Reg), (C) detection of a deviation from isochrony (Iso). Plots show mean + SEM. Note the significant difference betweenTBS and SHAM
exclusive to single-interval duration discrimination (A).

representation of the absolute duration of time intervals. The sig-
nificant deficit in the absolute timing of single subsecond time
intervals is consistent with findings from previous cerebellar TMS
studies using other perceptual timing tasks such as interval bisection
for perceived tone duration (Lee et al., 2007) and a reproduction
task based on visual duration perception (Koch et al., 2007). The
interference with the perceptual interval-timing between auditory
events demonstrated here compares very well with neuropsycho-
logical reports of patients with cerebellar damage demonstrating
an impairment in similar tasks (Ivry and Keele, 1989; Nichelli et al.,
1996; Malapani et al., 1998; Mangels et al., 1998; Harrington et al.,
2004). The present effect size is considerable and could be due to
(i) the TBS protocol having induced a greater and longer-lasting
neuronal response than traditional rTMS (Huang et al., 2005), (ii)
the method of adaptive tracking of thresholds providing a reliable
and robust measure at the level of the individual, and (iii) the use
of a variable rather than a fixed reference interval requiring the
immediate timing of two novel intervals per trial (compared with
arepeated presentation throughout the task allowing the formation
of a long-term representation).

RELATIVE TIMING BASED ON A REGULAR BEAT

The cerebellum has previously been implicated in beat-based tim-
ing based on functional activation during listening to rhythmic
sequences (Penhune et al., 1998; Xu et al., 2006; Grahn and Brett,
2007; Chen et al., 2008) and impairments in motor entrainment
after cerebellar rTMS (Theoret et al., 2001; Del Olmo et al., 2007)
and chronic lesions (Ivry and Keele, 1989; Spencer et al., 2003;
Harrington et al., 2004). However, neither type of evidence allows
a clear inference about the role of the cerebellum in beat-based per-
ceptual timing: motor entrainment to auditory sequences may be

impaired independently of perceptual timing, and functional brain
imaging data do not control the use of relative or absolute timing
strategies and remain ambiguous with respect to the functional
relevance of activations. The present study used TBS to acutely
interfere with cerebellar processing during two beat-based per-
ceptual timing tasks, i.e., the detection of regularity and the devia-
tion from isochrony, which could both be achieved using relative
timing: those tasks were not expected to depend on the accurate
representation of absolute durations of individual intervals. In
accord with the hypothesized dissociation between mechanisms
of absolute and relative timing there was no discernable TBS effect
shown for the two beat-based tasks in contrast to that shown for the
absolute task. Theoretically, the suggested cerebellar “stopwatch”
mechanism of absolute timing could be employed for the serial,
duration-based encoding of the intervals of any sequence. In the
beat-based sequences of the present study, those for regularity
detection and isochrony violation detection were based on 10 and
four intervals, respectively, and one might argue for the number
of intervals as the reason for the difference in performance and
effect of TBS. However, if either beat-based task was achieved by
using the suggested cerebellar mechanism of duration-based tim-
ing, one would expect a significant effect of TBS on that task also.
This was not the case, supporting the existence of an undisturbed
alternative mechanism that allows beat-based timing to function
independently of duration-based timing. This dissociation does
not imply that these mechanisms are mutually exclusive. We would
support the notion that both types of timing would operate at least
initially in any of the tasks, and take up their functional relevance
during the unfolding of the stimulus: the duration-based mecha-
nism for the single intervals, and the beat-based one for the regular
sequences. The present perceptual assessment of beat-based and
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single-interval timing demonstrates the functional dissociation
between the two and the absence of an effect supports our a priori
hypothesis that beat-based timing within rhythmic sequences does
not depend critically on the absolute timing of single intervals by
the cerebellum. The demonstrated dissociation suggests a distinct
neural substrate for beat-based perceptual timing that may not be
located in the cerebellum. The demonstrated preservation of per-
formance despite acute application of cerebellar TBS is consistent
that of sensori-motor transduction of beat-based entrainment in
a previous neuropsychological study of timing in patients with
chronic cerebellar damage (Molinari et al., 2005).

PERCEPTUAL VS. MOTOR ENTRAINMENT

The present findings do not contradict previous neuropsycho-
logical and functional evidence of cerebellar involvement in
regular motor timing functions (Ivry and Keele, 1989; Ivry and
Richardson, 2002; Spencer et al., 2003; Harrington et al., 2004;
Del Olmo et al., 2007; Thaut et al., 2009). The previous neuropsy-
chological reports argue mainly for deficits in the implementation
of individual intervals which could be interpreted as a deficit in
the discrete timing of individual events (Ivry et al., 2002) started
anew by every beat from a central timekeeper that entrains with
a regular beat (Wing and Kristofferson, 1973). Suggestions of
cerebellar involvement in the central timekeeper (Ivry et al,
1988; Molinari et al., 2005) could be reconciled with the present
model if perceptual and motor entrainment were not subserved
by the same mechanism. We cannot exclude the possibility that
certain sites, e.g., in lateral parts of the cerebellar hemispheres,
that were unaffected in the present study may be involved in
beat-based perceptual timing. Given the lack of evidence from
previous studies, such a functional dissociation within the cer-
ebellum remains speculative. Recent neuropsychological (Grahn
and Brett, 2009) and functional imaging studies (Grahn and Brett,
2007; Chen etal., 2008; Thautetal.,2009) support the alternative
possibility that the neural substrate for beat-based perceptual
timing may found elsewhere and implicate the basal ganglia and
prefrontal cortex.

STIMULUS DESIGN: A POTENTIAL CONFOUND

One possible confound that needs to be considered as an explana-
tion for the dissociation of the TBS-induced effect on absolute but
not relative timing relates to the total duration of the stimuliand the
possible distinction of subsecond vs. suprasecond timing. A specific

involvement of the cerebellum has been suggested for the subsecond
range (Lewis and Miall, 2003), with a possible gradual transition
to the suprasecond range (Lewis and Miall, 2006). Previous TMS
studies have shown that rTMS applied to the cerebellum did not
affect perception of suprasecond time intervals (Lee et al., 2007;
Koch et al., 2007), and neuropsychological reports on the effect of
chronic cerebellar damage have further supported this (Mangels
et al., 1998; Gooch et al., 2010). The total duration of stimuli in
the present work varied from a few hundred milliseconds in the
single-interval task, to just over 1 s and up to several seconds in
the isochrony and regularity tasks, respectively. Hence, one might
conclude that the lack of TBS effects on the regularity and isochrony
tasks might be due to the longer stimulus duration in these tasks
than in the single-interval task. However, the duration of intervals
that needed to be timed was in the subsecond range for all three
tasks, i.e., 300 to over 600 ms (max. 870 ms for the single-interval,
400 ms on average for the regularity and 300 ms or more in the
isochrony one. The variation occurred in the duration of the con-
text that these intervals were presented in but not in the duration
of the intervals themselves. Hence, the relative, beat-based timing
tasks were tests of subsecond and not of suprasecond time-interval
perception and a dissociation in the use of mechanisms compared
to that of absolute, duration-based subsecond time perception
was shown.

CONCLUSION

The present work tested the cerebellum as part of the timing net-
work of the human brain using ¢TBS. This is the first study to
systematically assess the acute effect of cerebellar TBS on two pos-
tulated types of perceptual timing: duration-based and beat-based
timing. The data demonstrate a specific cerebellar function subserv-
ing the absolute, duration-based perception of single time-intervals
without a requirement for an obligatory cerebellar involvement in
the relative, beat-based timing of rhythmic sequences. The findings
support the existence of distinct mechanisms and neural substrates
for the absolute, duration-based and the relative, beat-based per-
ceptual timing of intervals.
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