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The basal ganglia and cerebellum are considered to play a role in timing, although their differential roles in timing remain unclear. It has
been proposed that the timing of short milliseconds-range intervals involves the cerebellum, whereas longer seconds-range intervals
engage the basal ganglia (Ivry, 1996). We tested this hypothesis using positron emission tomography to measure regional cerebral blood
flow in eight right-handed males during estimation and reproduction of long and short intervals. Subjects performed three tasks: (1)
reproduction of a short 500 ms interval, (2) reproduction of a long 2 s interval, and (3) a control simple reaction time (RT) task. We
compared the two time reproduction tasks with the control RT task to investigate activity associated with temporal processing once
additional cognitive, motor, or sensory processing was controlled. We found foci in the left substantia nigra and the left lateral premotor
cortex to be significantly more activated in the time reproduction tasks than the control RT task. The left caudate nucleus and right
cerebellum were more active in the short relative to the long interval, whereas greater activation of the right putamen and right cerebellum
occurred in the long rather than the short interval. These results suggest that the basal ganglia and the cerebellum are engaged by
reproduction of both long and short intervals but play different roles. The fundamental role of the substantia nigra in temporal processing
is discussed in relation to previous animal lesion studies and evidence for the modulating influence of dopamine on temporal processing.
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Introduction
Timing is a fundamental feature of human movement, percep-
tion, and cognition. Experimental studies on clinical populations
have provided evidence that both the basal ganglia and cerebel-
lum play a role in temporal processing. Patients with cerebellar
disease have difficulty performing tasks requiring precise motor
timing (e.g., repetitive tapping at specific frequencies) and per-
ceptual (nonmotor) timing (e.g., discriminating the duration of
two intervals) (Ivry et al., 1988; Ivry and Keele, 1989; Mangels et
al., 1998). Patients with Parkinson’s disease (PD) also display
significant deficits in both motor (Pastor et al., 1992b; O’Boyle et
al., 1996; Harrington et al., 1998a) and perceptual (Pastor et al.,
1992a; Harrington et al., 1998a) timing tasks, deficits that are
ameliorated with dopaminergic medication (Pastor et al.,
1992a,b; O’Boyle et al., 1996; Malapani et al., 1998). Conse-
quently, it has been proposed that the principal anatomical struc-
tures affected by these disorders, namely the cerebellum and basal

ganglia, must be crucial to the effective running of an “internal
clock” (Ivry, 1996). The involvement of the cerebellum and basal
ganglia in motor and perceptual timing has been confirmed by
imaging studies using various timing tasks, such as the repetitive
tapping paradigm (Lejeune et al., 1997; Rao et al., 1997; Rubia et
al., 1998), duration discrimination (Jueptner et al., 1995; Maquet
et al., 1996; Rao et al., 2001; Ferrandez et al., 2003; Lewis and
Miall, 2003a, 2006; Nenadic et al., 2003; Harrington et al., 2004a),
velocity discrimination (Jueptner et al., 1996), rhythm discrimi-
nation (Schubotz et al., 2000; Schubotz and von Cramon, 2001),
temporal discrimination (Pastor et al., 2006), and time produc-
tion and reproduction (Brunia et al., 2000; Tracy et al., 2000;
Lewis and Miall, 2002, 2006; Macar et al., 2002, 2004; Pouthas et
al., 2005).

What remains unclear is what the specific role of the cerebel-
lum and basal ganglia in timing may be. Ivry (1996) has suggested
that the cerebellum controls the timing of short intervals (milli-
seconds range), whereas the basal ganglia are involved in the
timing of long intervals (seconds range). This hypothesis is con-
sistent with the commonly held view that the role of the cerebel-
lum in the precise timing of short intervals reflects its role in
motor coordination and movement control. The primary aim of
this study was to test Ivry’s (1996) hypothesis by directly compar-
ing neural activity elicited by milliseconds- and seconds-range
time reproduction. Perceiving and reproducing a time interval
involves a network of brain areas engaged in supportive processes
such as attention and memory, with the hypothesized “clock”-
like structures being only one component. Therefore, we also
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compared the two timing tasks with a control reaction time (RT)
task, revealing neural activity specific to temporal processing.

Materials and Methods
Participants
Eight male, right-handed volunteers with an average � SD age of 27.5 �
6.8 years (range, 19 – 40 years) participated in the study. All subjects were
healthy and without a history of neurological or psychiatric disease or
head injury. The extent of right handedness was measured with a modi-
fied version of the Handedness Inventory (Oldfield, 1971). The subjects
were all strongly right handed (mean � SD, 94.7 � 8.07). Estimates of
verbal intelligence quotient (IQ) were obtained from the National Adult
Reading Test (Nelson, 1982). The average � SD score was 119 � 4.24,
indicating that all of the sample had IQs in the high average range. The
study had the approval of the Joint Medical Ethics Committee of the
National Hospital for Neurology and Neurosurgery and the Institute of
Neurology. Written, informed consent was obtained from all subjects
before the experiment.

Design
The study used a within-subject repeated-measures design. There were
three experimental conditions: short-interval reproduction (SHORT),
long-interval reproduction (LONG), and a control reaction time task.
During the positron emission tomography (PET) scan, each condition
was repeated four times, resulting in 12 scans per subject. The order of
presentation was pseudorandomized across subjects using a Latin Square
procedure.

The intervals chosen to represent “short” and “long” time reproduc-
tion were based on previous literature. Michon (1985) described 500 ms
as the cutoff between interval estimation that is highly perceptual and
interval estimation that is cognitively mediated. The 500 ms interval was
considered to be suitably short, without the risk of eliciting simple reac-
tion times. The interval of 2000 ms was considered long enough to qualify
for Ivry’s (1996) definition of a long interval as well as requiring cognitive
mediation, with little risk of more elaborate strategy use or waning
attention.

Procedure

Experimental conditions
Approximately 30 min before the PET scanning, the subjects prac-
ticed the three experimental tasks, each twice. The purpose of the
practice blocks was to ensure that the subjects understood the re-
quirements of the tasks and that they had reached a criterion level of
accuracy on the time estimation conditions. For the short-interval
condition, the mean of each practice trial was required to be within
100 ms of the target (i.e., �100 ms), and, for the long-interval con-
dition, the mean of each practice trial was to be within 400 ms of the
target (i.e., �400 ms). All subjects achieved criterion performance
within the two blocks of practice trials.

Reproduction of a SHORT interval. Subjects were instructed to repro-
duce a short interval. The duration of the interval was 500 ms, although
the precise value was not explicitly communicated to the subjects. First,
the duration of the interval was demonstrated to the subject, with pre-
sentation of two tones (1000 Hz, 50 ms duration) marking its onset and
offset. After five presentations of the interval, the subjects began a prac-
tice block. They were told that a tone would be presented that would
mark the beginning of the short interval. They should immediately start
estimating and reproducing the duration of the target interval and press
the response button to mark its end. A block consisted of 50 trials. The
intertone intervals varied between 3 and 4 s (mean of 3.5 s). During the
scan, each experimental block was preceded by three demonstrations of
the duration of the target interval. This allowed subjects to reacquaint
themselves with the target interval, encouraging optimal performance.

Reproduction of a LONG interval. Subjects were asked to reproduce a
long interval. The duration of the interval was 2000 ms, but this value was
not explicitly communicated to the subject. The instructions and proce-
dures were identical to those used for the short intervals.

Control reaction time task. This was a simple reaction time task. Sub-
jects were instructed that, when a tone was presented, they should press
the response button as quickly as possible in response to it. The reaction
time condition matched the time estimation conditions in terms of the
characteristic of the tone (1000 Hz, 50 ms duration), the number of
responses (50 trials), and the intertone intervals (3– 4 s, mean of 3.5 s).

The same response box was used in all three conditions. It measured
15 � 8 � 5 cm and had two response buttons (diameter of 2.5 cm)
positioned at either end. Subjects were instructed to respond with the
same button and to ignore the second button. All responses were made
with the right index finger. The response times were recorded to the
nearest millisecond. During the practice trials, the tones were presented
through a loudspeaker. When the subjects were in the scanner, the tones
were presented through earphones, with adjustment made for optimal
volume for each subject.

Measurement of regional cerebral blood flow with PET
Measurements of regional cerebral blood flow (rCBF) were obtained
using a Siemens/CPS ECAT EXACT HR� PET scanner (Siemans/CTI,
Knoxville, TN) in three-dimensional (3D) mode with interdetector col-
limating septa retracted. The axial field of view was 155 mm, providing
whole-brain coverage, including the cerebellum. For each measurement,
�9 mCi of H2

15O was given intravenously through a forearm cannula
over 20 s, followed by a 20 s saline flush. rCBF data were collected over a
90 s activation period that began 5 s before the rising phase of radioac-
tivity in the head. Twelve sets of data were collected (four sets of data of
each of the three tasks), with an 8 min rest period between successive
scans to allow for the radioactivity to decay. A transmission scan was
performed before data collection to correct for attenuation effects. The
images were reconstructed using 3D filtered back projection into 63
transverse planes and into a 128 � 128 pixel image matrix (pixel size,
2.4 � 2.1 � 2.1 mm), with a resolution of 6 mm at full-width half-
maximum. Additionally, T1-weighted structural magnetic resonance
imaging (MRI) scans were obtained for each subject using a Siemens
(Erlangen, Germany) Magnetom VISION MRI scanner operating at 2
tesla.

Subsequent reconstruction and analysis of the images was under-
taken using statistical parametric mapping software (SPM99; Wellcome
Department of Imaging Neuroscience, London, UK; http://www.fil.ion.
ucl.ac.uk/spm) executed in Matlab (MathWorks, Sherbon, MA). For
each subject, the 12 scans were realigned to the first to adjust for the
effects of any head movements (Friston et al., 1995a). All images were
then spatially normalized (Friston et al., 1995a) into a template based on
the Montreal Neurological Institute (MNI) reference brain that con-
forms to a standard anatomical space (Talairach and Tournoux, 1988).
An isotropic Gaussian kernel of 12 mm full-width at half-maximum was
then used to smooth the images. This accommodated for intersubject
differences in anatomy, increased the signal-to-noise ratio, and allows for
subsequent statistical inference using Gaussian random field theory.

The general linear model was used to estimate condition and subject
effects at each voxel point in the brain (Friston et al., 1995b). Scan-to-
scan differences in global blood flow were modeled as a confounding
covariate. Hypotheses about regionally specific condition effects were
tested using linear contrasts to compare condition differences in the
mean relative rCBF at each voxel. For each contrast, a t statistic was
computed for every voxel to form a statistical parametric map (SPM {t}).
The SPM {t} values were then transformed to the unit normal distribu-
tion to give an SPM {z}. The level of significance was set to p � 0.05,
corrected for multiple comparisons. Cortical and subcortical areas, for
which we had an a priori hypothesis, were reported at p � 0.001, uncor-
rected. To reduce the chance of false-positive activations, conjunction
analysis was used to check that areas that were important to our hypoth-
esis were present in all or a majority of subjects (Friston et al., 1999). True
regions of activation are likely to be present in a majority of subjects,
whereas noise is unlikely to show a systematic pattern across subjects in a
well designed experiment.

To identify regions of the brain specific to short- and long-interval
reproduction, respectively, simple SHORT � LONG and LONG �
SHORT contrasts were used. Areas of the brain specific to time repro-
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duction were elicited in a (SHORT LONG) � RT comparison. Anatom-
ical localization of the significant voxel coordinates was determined by
rendering them onto the subjects’ structural MRIs and the MNI reference
brain and with reference to the atlas of Durvenoy (1991). In addition, the
standard stereotaxic atlas of Talairach and Tournoux (1988) was used for
additional reference, particularly to aid in determining Brodmann areas
(BA). Detailed information about the location of voxels in the cerebel-
lum was gained with reference to an MRI atlas of the cerebellum
(Schmahmann et al., 2000). For the primary motor cortex and somato-
sensory area, probabilistic cytoarchitectonic atlases have been produced,
and these were also used (Geyer et al., 1996, 1999, 2000).

Results
Behavioral performance
For the two practice blocks, the average reproduced duration of
the short interval was 555.21 ms (median � SD, 568.50 � 26.10),
and the long interval was 2027.36 ms (median � SD, 2036 �
81.89). Both of these values indicate that subjects were accurate in
time reproduction and had reached the required level of compe-
tence before the scanning. The mean reaction time across the two
practice blocks was 209.29 ms (median � SD, 209.00 � 36.59).
During scanning, the mean reproduced duration for the short
interval was 561.96 ms (median � SD, 568.75 � 68.47) and for
the long interval was 2065.86 (median � SD, 2107.25 � 110.30).
The mean reaction time was 202.14 (median � SD, 184.50 �
44.05). Once again, the subjects maintained a high degree of ac-
curacy in time estimation and reproduction for both the long and
short intervals.

PET results

Time reproduction tasks versus control RT task
A midbrain focus corresponding to the region of the left substan-
tia nigra and red nucleus [coordinates shown as (x, y, z) through-
out; (�4, �12, �8), Z � 3.39, p � 0.0001, uncorrected; with an
additional focus at (�14, �18, �2), Z � 2.45, p � 0.007, uncor-
rected] and the left lateral premotor cortex (LPMC) [BA 6 (�24,
2, 44), Z � 3.14, p � 0.001, uncorrected; with an additional focus
at (�22, 10, 38), Z � 2.96, p � 0.002, uncorrected) were more
activated during the time reproduction tasks than the RT task.
The results are shown in Figures 1 and Figure 2. The subcortical
coordinate plotted in Figure 1 is anatomically very close to both
the red nucleus and the substantia nigra (Oikawa et al., 2002).

Figure 1. Time reproduction � control RT: left SNc. Left substantia nigra pars compacta
activation [(�4, �12, �8)] greater in the time reproduction tasks (SHORT � LONG) than the
control reaction time task. Activations are shown on the MNI reference brain, on sagittal, coro-
nal, and horizontal views. Parameter estimates for the left substantia nigra pars compacta
showing increased activity during timing tasks compared with the control reaction time task
across all subjects. Significant at p � 0.001, uncorrected. L, Left; R, right.

Figure 2. Time reproduction � control RT: left premotor cortex. Left premotor cortex acti-
vation [(�24, 2, 44)] greater in the time reproduction tasks (SHORT � LONG) than the control
reaction time task. Activations are shown on the MNI reference brain, on sagittal, coronal, and
horizontal views. Parameter estimates for the left premotor cortex showing increased activity
during timing tasks compared with the control reaction time task across all subjects. Significant
at p � 0.001, uncorrected. L, Left; R, right.
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After consultation with experts in basal ganglia and midbrain
anatomy as well as drawing on theoretical understanding of the
role of the substantia nigra in temporal processing, we propose
that this region approximates the left substantia nigra pars com-
pacta (SNc). Given the potential theoretical interest in this find-
ing, we further explored the activation by conducting a conjunc-
tion analysis of the two timing tasks, i.e., a conjunction analysis
was performed on the (short-interval reproduction � RT) and
(long-interval reproduction � RT) comparisons. This analysis
also showed activation of the SNc [(�6, �12, �8); Z � 3.36; p �
0.0001, uncorrected]. Furthermore, a conjunction analysis per-
formed across all subjects (for the time reproduction tasks � RT
comparison) showed that activation of the left SNc was common
to all subjects [(�14, �16, �4), Z � 3.59, p � 0.0001, uncor-
rected; with subfoci, (�2, �6, �6), Z � 3.58, p � 0.0001, uncor-
rected and (�4, �14, �12), Z � 3.52, p � 0.0001, uncorrected].
The plotted parameter estimates (reflecting the adjusted rCBF

values) indicate that increased rCBF was observed for the time
reproduction tasks compared with the control condition, for
each subject. Similarly, the left lateral premotor cortex activation
(Fig. 2) survived the conjunction analysis, indicating that it was
active for each subject [(�28, 4, 44); Z � 3.46; p � 0.0001, un-
corrected]. The parameter estimates indicate that increased rCBF
was observed in the time reproduction tasks compared with the
control RT task, for each subject with the exception of subject 4.

Relative to the time reproduction tasks, the only area that
showed significantly greater activation during the RT task was the
right precuneus [BA 7, (6, �72, 56); Z � 4.75; p � 0.009 cluster
and p � 0.030 voxel].

SHORT � LONG interval reproduction
This contrast elicited significant activation in the left anterior
cingulate (BA 32), right superior frontal gyrus, spreading mesi-
ally (BA 6/8), the left middle frontal gyrus (BA 8), the left superior
frontal gyrus (BA 8 and 10), the right superior and mesial frontal
gyrus (BA 9/10), the left middle temporal gyrus (BA 21), and left
superior temporal gyrus (BA 22). Subcortically, activation was
observed in the left caudate nucleus and in the right cerebellar
hemisphere. The results are presented in Table 1 and illustrated in
Figures 3 and 4. Figure 4 illustrates the left caudate nucleus and
right cerebellar hemisphere activation. The conjunction analysis
revealed significant left caudate activation [(�12, �8, 22; Z �
3.60; p � 0.0001] in an analogous location, indicating that the
finding is robust across all subjects. In addition, the plotted pa-
rameter estimates indicate that the neural activity in this area is
higher in the SHORT than the LONG condition across all sub-
jects. The conjunction analysis for the right cerebellar hemi-
sphere also revealed significant activation in a similar region [(40,
�72, �42); Z � 3.38; p � 0.0001]. Parameter estimates illus-
trated that the right cerebellar hemisphere activation was greater
in the SHORT than LONG condition for all subjects.

LONG � SHORT interval reproduction
This contrast produced significant rCBF increases in the right
superior parietal cortex (BA 7), lateral premotor cortex (BA 6)
bilaterally, right supplementary motor area (SMA) (medial BA
6), the right inferior parietal (BA 40) cortex, the right cuneus (BA
17), the right primary motor cortex (BA 4), the right dorsolateral
prefrontal cortex (DLPFC) (BA 9/46 and 10/46), the right puta-
men/insula border, and the right cerebellar hemisphere. The re-
sults are presented in Table 2 and illustrated in Figures 5 and 6.

Figure 3. SHORT � LONG. Results are displayed as statistical parametric maps in sagittal,
coronal, and transverse projections in stereotactic space. Significant at p � 0.001, uncorrected.
L, Left; R, right.

Table 1. Areas of greater activation with the SHORT interval reproduction task compared with the LONG interval reproduction task

MNI coordinates of peak activation

BA x y z Z value of peak activation p value*

Frontal cortex
L anterior cingulate 32 �2 40 8 4.80 0.025**
R superior frontal gyrus 8 10 46 52 3.99 �0.001

R superior and mesial frontal gyrus 6/8 6 38 60 3.74 �0.001
L middle frontal gyrus 8 �40 18 44 3.79 �0.001
L superior frontal gyrus 8 �12 48 44 3.71 �0.001
L superior frontal gyrus 10 �18 54 24 3.54 �0.001
R superior and mesial frontal gyrus 9/10 8 56 24 3.18 0.001

Temporal cortex
L middle frontal gyrus 21 �58 �24 �12 4.21 �0.001

L superior temporal cortex 22 �48 �24 �2 3.52 �0.001
Basal ganglia

L caudate nucleus �14 �10 20 3.15 0.001
Cerebellum

R cerebellar hemisphere (Crus I) 36 �74 �38 3.12 0.001

*p � 0.001, uncorrected. **p � 0.05, familywise error. L, Left; R, right.
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The activation for the right putamen/in-
sula border is illustrated in Figure 6 and
survived the conjunction analysis [(42, 6,
4); Z � 3.22; p � 0.001]. The area of acti-
vation extends from the insula into the pu-
tamen. The plot of parameter estimates
showed that this area was more active in
the LONG than SHORT condition for all
participants except subject 1. The right
cerebellar hemisphere, plotted in Figure 6,
survived the conjunction analysis across
all subjects [(48, �64, �22; Z � 3.40; p �
0.0001], and the plotted parameter esti-
mates showed that the area was more ac-
tive in the LONG than SHORT condition
in six of the eight subjects, with limited
discernable difference in the other two
subjects.

Discussion
We tested Ivry’s (1996) hypothesis that the
cerebellum is involved in the timing of
short (milliseconds range) intervals,
whereas the basal ganglia mediate the tim-
ing of long (seconds range) intervals. The
results did not support the hypothesis be-
cause both structures were activated in the
timing of both intervals. The timing
tasks � control RT contrast identified
timing-specific activations in left SNc and
left LPMC. This suggests the basal ganglia
and its cortical projections play a more
fundamental role in temporal processing
than the cerebellum.

Time reproduction activates the motor
frontostriatal circuit
A recent review discusses the relationship be-
tween RT and temporal processing (Mac-
Donald and Meck, 2004). It has been sug-
gested that RT protocols with a
“preparatory” signal/interval before the cue
to respond may share neural substrates with
temporal processing tasks. However, the
current RT task used an unwarned stimu-
lus–response paradigm. The left SNc and left
LPMC were identified as areas specific to
time reproduction once additional pro-
cesses, such as attention, tone anticipation
and motor preparation, response initiation,
and motor execution, were controlled. The symptoms of PD mani-
fest after the degeneration of dopamine-producing neurons in the
SNc (Kish et al., 1988), and the moderating effect of dopamine on
timing is well documented (Pastor et al., 1992a,b; Meck, 1996;
O’Boyle et al., 1996). Lesioning the left SNc in the rat causes temporal
deficits (Matell et al., 2000), which levodopa improves (Meck, 1996,
2006). Functional MRI (fMRI) has revealed that unpredictability of
task order and random timing activate substantia nigra (Dreher and
Grafman, 2002), and neurons in the SNc show a depression in firing
when an expected and time-predicted reward is not delivered
(Hollerman and Schultz, 1998).

The striatal beat frequency (SBF) model (Matell and Meck,

2000, 2004; Buhusi and Meck, 2005) proposes that detection of
coincident neural activity encodes temporal durations. Cortical
oscillatory activity is synchronized at trial onset, and the specific
pattern of oscillatory activity at the time of reward or feedback
can be detected by striatal spiny neurons. Dopaminergic activity
in the SNc serves as a reinforcement signal and as a reset mecha-
nism, resetting neurons and resynchronizing cortical oscillators
(Matell and Meck, 2004). Thus, the SNc may act as a “perceptual
starting gun,” initiating the timing process, at the onset of an
interval to be timed (Matell and Meck, 2000), a function essential
in the current tasks.

The comparison of the timing tasks found the left caudate was

Figure 4. SHORT � LONG: left caudate nucleus and right cerebellar hemisphere. a, Left caudate nucleus [(�14, �10, 20)]
activation greater in the SHORT reproduction task than in the LONG reproduction task. Parameter estimates showing mean
activation for each subject are also displayed. b, Right cerebellar hemisphere [(36, �74, �38)] activation greater in the SHORT
reproduction task than in the LONG reproduction task. Parameter estimates showing mean activation for each subject are also
displayed. Activations are shown on the MNI reference brain, on sagittal, coronal, and horizontal views. Significant at p � 0.001,
uncorrected. L, Left; R, right.

Table 2. Areas of greater activation with the LONG interval reproduction task compared with the SHORT interval
reproduction task

MNI coordinates of peak
activation

BA X y z
Z value of peak
activation p value*

Frontal cortex
L lateral premotor cortex 6 �54 �2 42 4.59 �0.001
L lateral premotor cortex 6 �56 8 8 4.49 �0.001
R SMA Medial 6 2 �6 74 4.35 �0.001
R primary motor cortex 4 48 �8 44 3.92 �0.001

R lateral premotor cortex 6 58 2 46 3.48 �0.001
R somatosensory area 3 54 �16 38 3.25 �0.001

R dorsolateral prefrontal cortex 10/46 34 46 10 3.82 �0.001
R dorsolateral prefrontal cortex 9/46 38 32 28 3.40 �0.001
R lateral premotor cortex 6 64 4 16 3.23 0.001

Parietal cortex
R superior parietal cortex 7 18 �74 52 4.74 0.033**
R inferior parietal cortex (intraparietal

sulcus/angular gyrus) 40 42 �52 50 4.26 �0.001
Occipital gyrus

R cuneus 17 10 �90 6 3.95 �0.001
Basal ganglia

R putamen/insula border 34 8 4 3.55 �0.001
Cerebellum

R cerebellar hemisphere (lobule VI) 30 �60 �18 3.32 �0.001

*p � 0.001, uncorrected. **p � 0.05, familywise error. L, Left; R, right.
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active during milliseconds-range reproduction and the right puta-
men during seconds-range reproduction. Indeed, patients with PD
show deficits in timing in the milliseconds- and seconds-range in-
tervals (Pastor et al., 1992a,b; Harrington et al., 1998a; Malapani et
al., 1998). Although the SBF model (Matell and Meck, 2000, 2004)
specifies a key role for the striatum in producing temporal estimates,
it does not outline individual roles for the putamen and caudate.
Such differential activation likely mirrors the differing demands of
milliseconds- and seconds-range timing, which also manifest at the
cortical level. Lewis and Miall (2003a) compared the timing of 600
and 3000 ms intervals, but no differential basal ganglia activity was
found. This may be because their stimuli contained visual subdivi-
sions and these markers could influence temporal judgments.
Pouthas et al. (2005) compared the timing of 450 and 3000 ms in-
tervals. Seconds-range estimation was associated with right caudate
activation; the SHORT � LONG contrast was not reported. Using a
similar design to the current study, Hinton and Meck (2004) and
Meck and Malapani (2004) reported activation of the putamen dur-
ing time reproduction of 11 and 17 s durations. However, unraveling
the differential patterns of activation of the caudate and putamen
across studies is difficult because the tasks are different: visual versus
auditory and discrimination versus reproduction. This requires ad-
ditional investigation.

Our results suggest that the LPMC plays a primary role in
temporal processing. Premotor activity has been found in fMRI
studies of timing in which no motor component was present or
was controlled (Schubotz et al., 2000; Rao et al., 2001; Ferrandez
et al., 2003). Rao et al. (2001) suggested that the LPMC may have
a working memory function, maintaining the standard interval,
and clinical research has found that patients with premotor or
SMA lesions display difficulties in rhythm reproduction from
memory (Halsband et al., 1993). This explanation fits well with
the current results because our task demanded that the interval be
stored and maintained. Furthermore, the greater activation of the
LPMC in the LONG � SHORT contrast may reflect the greater
demands of storage and maintenance of longer intervals.

Cerebellar activation
The absence of increased cerebellar activation in the timing
tasks � control task contrast suggests that cerebellar activation is
not specific to explicit temporal processing but relates to other
components of time reproduction.

Impairments in duration discrimination have been documented
in patients with cerebellar pathology (Mangels et al., 1998; Casini
and Ivry, 1999). However, these patients also showed impairment in
frequency discrimination, suggesting a general perceptual or sensory
deficit. None of the studies investigating performance of cerebellar
patients on the repetitive tapping task have found impairment in
accuracy, although increased variability has been reported (Ivry et
al., 1988; Ivry and Keele, 1989; Harrington et al., 2004a). Harrington
et al. (2004b) found greater clock-related variability in a subgroup of
cerebellar patients, which correlated with working memory perfor-
mance, and concluded that the cerebellum may process task-
relevant sensory or cognitive information as well as being important
for motor output.

The hypothesis that the cerebellum may be important for periph-
eral, sensory aspects of temporal processing has also been proposed
in functional imaging research (Penhune et al., 1998; Rao et al.,
2001). Studies in which a tightly matched control task was used failed
to find evidence of cerebellar activity (Lewis and Miall, 2002; Ferran-
dez et al., 2003; Macar et al., 2004; Pouthas et al., 2005), and cerebel-
lar activation occurred mostly in motor timing tasks (Lejeune et al.,
1997; Rao et al., 1997; Kawashima et al., 2000). Cerebellar activation

may reflect processes related to but not specific to timing that vary as
a function of task demands, such that the core basal ganglia timing
network integrates frontal and cerebellar activity when required. The
cerebellar activation in the seconds range could be related to cogni-
tive demands such as working memory rehearsal processes (Paulesu
et al., 1993; Nichelli et al., 1996), whereas activation in the millisec-
onds range may reflect sensory processing or integration (Penhune
et al., 1998; Rao et al., 2001).

Cortical activation
Whereas dopamine within the basal ganglia affects millisecond- and
seconds-range timing, mesolimbocortical dopamine only affects
seconds-range timing (Rammsayer, 1993, 1997). The differential
patterns of cortical activation may relate to the way subjects timed
the intervals. Michon (1985) suggested that processing of durations
below 500 ms is highly perceptual and not under cognitive control.
Lewis and Miall (2003b) proposed an “automatic” timing system
concerning “predictable sub-second intervals defined by move-
ment” and a seconds-range “cognitively controlled” timing system,
depending on prefrontal and parietal regions. Indeed, in the present
study, activation of prefrontal and parietal areas was greater for
seconds-range timing. Subjects’ reports suggested that milliseconds-
range reproduction was implemented as an “intuitive” delayed reac-
tion to the tone rather than as “deliberate” temporal processing. The
anterior cingulate and prefrontal cortex are activated when holding
competing responses in check (Pardo et al., 1990; Corbetta et al.,
1991; Jahanshahi et al., 2000; Dirnberger et al., 2005). The short
interval was close enough to reaction time that the anterior cingulate
and frontal cortex may have been inhibiting an immediate response.
Only the short interval activated the temporal cortex, which mirrors
Lewis and Miall (2003a). This may reflect the greater salience of the
tones, for example, subjects using a form of auditory template to
reproduce the short interval. Similarly, Rao et al. (1997) have noted
the importance of “auditory imagery” in temporal processing.

Cortical motor areas were more activated by the long interval.
Functional imaging suggests that the SMA has a primary role in

Figure 5. LONG � SHORT. Results are displayed as statistical parametric maps in sagittal,
coronal, and transverse projections in stereotactic space. Significant at p � 0.001, uncorrected.
L, Left; R, right.
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timing (Macar et al., 2002, 2004; Ferrandez et al., 2003), and motor
cortical activation in timing tasks in which movement is controlled is
common (Schubotz et al., 2000; Lewis and Miall, 2003a; Harrington
et al., 2004a). The SMA is important in self-initiated or “willed”
actions (Jahanshahi et al., 1995); and increased SMA activation
could reflect demands on conscious temporal processing and re-
sponse initiation strategies in seconds-range timing. Right DLPFC
activation during seconds-range timing may indicate engagement of
working memory processes (Rammsayer, 1997, 1999), consistent
with previous research in which repetitive transcranial magnetic
stimulation over right DLPFC disrupted time reproduction in the
seconds-range only (Jones et al., 2004). For the LONG � SHORT
contrast, the right hemisphere was predominately activated, which
reflects previous findings of right hemisphere dominance in tempo-
ral processing (Harrington et al., 1998b; Rao et al., 2001; Macar et al.,
2002; Lewis and Miall, 2006).

The present results demonstrate the engagement of the basal gan-
glia, particularly the SNc, and their cortical projections in temporal
processing. Because degeneration of dopamine-producing cells of
the SNc is a hallmark of PD, a future imaging study of PD patients on
these tasks would provide additional human evidence confirming
the fundamental role of SNc in timing established by animal lesion
work (Meck, 1996; Matell et al., 2000).
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