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Abstract This study used repetitive transcranial magnetic
stimulation (rTMS) to investigate the roles of the right
dorsolateral prefrontal cortex (DLPFC) and supplementary
motor area (SMA) in short (500 ms) and long (2 s) interval
timing. The results were compared with rTMS over the leg
area of motor cortex, an area not thought to be involved
with time estimation. rTMS was delivered during one of
two phases of a time reproduction task: at the onset of the
Estimation Phase (presentation of the interval to be timed)
and at the onset of the Reproduction Phase (subjects’
reproduction of the timed interval). There was a significant
main effect of Site (SMA vs. right DLPFC vs. leg motor
area) due to the fact that rTMS over the right DLPFC
caused subjects to underestimate time intervals compared
with rTMS over the leg motor area. There was also a
significant three-way interaction between Site, Duration
and Phase (Estimation Phase vs. Reproduction Phase) that
post hoc analyses showed was due to underestimation of
long intervals when rTMS was given over the right
DLPFC at the start of the Reproduction Phase. There was
no effect of rTMS over the right DLPFC or SMA in the
short interval task. This is consistent with previous studies
showing that the right DLPFC is important in estimating
time intervals in the seconds-range. In addition, we
suggest that the selectivity of the rTMS effect for the
Reproduction Phase indicates that the right DLPFC plays a
particular role in memory processes.
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Introduction

A substantial body of research has investigated the areas
of the brain involved in motor and perceptual timing in the
milliseconds and seconds ranges. Traditionally, research-
ers have proposed that there must be some type of ‘internal
clock’ that meters temporal behaviour (e.g. Gibbon et al.
1984; Treisman 1963). Clinical studies involving patients
with Parkinson’s disease (Harrington et al. 1998; O’Boyle
et al. 1996; Pastor et al. 1992a, b) and cerebellar disease
(Casini and Ivry 1999; Ivry et al. 1988; Mangels et al.
1998) have implicated the basal ganglia and cerebellum in
this internal clock process. Animal studies, typically lesion
work, have provided further evidence that the cerebellum
is important in temporal processing (e.g. Breukelaar and
Dalrymple-Alford 1999; Clarke et al. 1996; Perrett et al.
1998; Yeo et al. 1985a, b, c). Pharmacological studies
using rodents have revealed that dopamine agonists and
dopamine antagonists have opposite effects on timing
behaviour and increase and decrease the speed of the
internal clock, respectively (e.g. Maricq and Church 1983;
Maricq et al. 1981; Meck 1986). This finding implicates
the dopamine rich nigrostriatal system in timing and is
echoed in the positive effect that l-dopa medication has on
the timing performance of Parkinson’s disease patients
(O’Boyle et al. 1996; Pastor et al. 1992a, b). More
recently, functional imaging studies have confirmed that
the basal ganglia (Jueptner et al. 1995; Rao et al. 1997,
2001; Schubotz et al. 2000) and cerebellum (Jueptner et al.
1995, 1996; Kawashima et al. 2000; Penhune et al. 1998;
Ramnani and Passingham 2001; Schubotz et al. 2000) are
activated in timing tasks. Functional imaging studies
(Brunia et al. 2000; Jueptner et al. 1996; Maquet et al.
1996; Rao et al. 2001; Tracy et al. 2000) and those
involving EEG recordings (Damen and Brunia 1994; Mohl
and Pfurtscheller 1991; Monfort et al. 2000) have also
found evidence of a right cortical timing network,
particularly involving parietal areas and the dorsolateral
prefrontal cortex (DLPFC).

While the above evidence suggests the basal ganglia,
cerebellum and frontal and parietal areas are involved in
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temporal processing, their differential roles are not clear.
Ivry (1996) suggested that milliseconds- and seconds-
range timing involve different neural structures and
proposed that the cerebellum is involved in milliseconds-
range timing and that the basal ganglia is involved in
seconds-range timing. In an investigation of this claim, we
used positron emission tomography (PET) to compare
short-interval (500 ms) and long-interval (2 s) timing and
found that the right DLPFC was only active at the longer
time range, although cerebellar and basal ganglia activa-
tion was present during both (Jones et al. 2000). The
results of our imaging study concur with the observation
that functional imaging studies showing DLPFC activation
tend to use longer intervals and tasks that are more
‘cognitive’, rather than short-range, automatic timing tasks
(Lewis and Miall 2003). This distinction is reflected in a
clinical study that showed that patients with prefrontal
lesions have difficulty with timing of long-range (4 s) but
not short-range (400 ms) intervals (Mangels et al. 1998).
In another study, patients with prefrontal lesions were
found to be impaired on a duration discrimination task
(400 ms) and frequency discrimination task when they
were combined in a dual task paradigm. Cerebellar
patients were only impaired on the duration discrimination
task. The authors argued that inadequate attentional
resources underpinned the frontal patients’ deficits (Casini
and Ivry 1999), although others have cited inadequate
memory processes (e.g. Mangels et al. 1998). It is evident
that considerable debate remains regarding the differential
roles of the structures implicated in timing, particularly as
brain areas involved in a timing task may not necessarily
be part of the hypothesised ‘internal clock’, but provide
necessary cognitive, sensory or motor components. One
way of identifying the areas that are ‘essential’ to temporal
processing is to use transcranial magnetic stimulation
(TMS). This technique uses a magnetic field to create a
safe, temporary disruption of neural functioning in a
discrete area. Thus, behavioural disruption following TMS
would indicate that the targeted brain area was essential to
the task (Jahanshahi and Rothwell 2000).

To date, there have been few investigations of temporal
processing using TMS. Theoret and colleagues (2001)
used 5 min of 1-Hz repetitive TMS (rTMS) in a ‘before
and after’ paradigm to investigate the effect on repetitive
tapping (tapping in time to a visual cue) with an inter-
stimulus interval of 475 ms. rTMS over the medial
cerebellum was found to affect variability, but not
accuracy. Conversely, rTMS over the lateral cerebellum
and motor cortex did not affect either dimension. Koch et
al. (2003) tested subjects on a time reproduction task
(estimating and then reproducing a period of time) before
and after 10 min of 1-Hz rTMS over the right DLPFC and
left DLPFC. Stimulation over the right DLPFC resulted in
an underestimation of intervals of 5- and 15-s duration,
whereas stimulation over the left DLPFC did not alter
timing behaviour. The authors concluded that the right
DLPFC plays a specific role in seconds-range timing and
speculate that its function is related to memory or decision
processes. However, the researchers instructed the subjects

to read a random sequence of numbers aloud (presented on
a computer screen) whilst they were completing the task.
This additional instruction was proposed to prevent
subvocal counting and to therefore provide a more realistic
representation of interval timing. However, the addition of
the counting task creates a dual-task paradigm, which is
known to affect temporal performance (e.g. Fortin et al.
1993; Sergent et al. 1993) and is likely to place additional
demands on frontal areas such as the DLPFC. Further-
more, in using long intervals only, the possibility of the
DLPFC being essential during millisecond estimation was
not investigated. A PET study has also used the temporal
reproduction paradigm to investigate seconds-range inter-
val timing. In agreement with Koch and colleagues, Macar
et al. (2002) discovered a right hemisphere network,
including the right DLPFC. However, they also found
evidence of supplementary motor area (SMA) activity. The
SMA is the main projection site of the straito-frontal motor
loop (Alexander et al. 1990) and is believed to recruit
timing information from the basal ganglia. This led the
authors to suggest that the SMA forms a key role in the
timing process. Previous functional imaging work,
including our own investigation of long and short interval
estimation (e.g. Brunia et al. 2000; Jones et al. 2000;
Kawashima et al. 2000; Ramnani and Passingham 2001;
Schubotz et al. 2000), has also found that the SMA is
activated during temporal processing and the projections it
receives from the basal ganglia clearly make this
assumption attractive.

Further investigation with rTMS is necessary to
establish the role of the right DLPFC and the SMA in a
time reproduction task. To date, rTMS has not been used
to investigate whether the SMA is essential to temporal
processing. In contrast to the study of Koch and
colleagues, we tested millisecond and second intervals to
determine if the short/long dichotomy supported by our
functional imaging results is a key issue in the differential
roles of the SMA and the right DLPFC in temporal
processing. Additionally, as a time reproduction task
involves two distinct phases, an Estimation Phase and a
Reproduction Phase, we stimulated the brain at both
phases such that the influence of the SMA and right
DLPFC on the component timing processes occurring in
each phase was investigated. A potential problem with
rTMS is that the auditory and sensory component of the
stimulation can disrupt timing behaviour and that this can
be difficult to disentangle from real, neural effects. For
example, listening to a train of clicks during timing is
known to increase arousal and distort time estimation (e.g.
Penton-Voak 1996). Therefore, a control site, the leg
motor area, was also included.

Materials and methods

Subjects

Nine right-handed, university-educated subjects (mean age
30.6 years; SD 6.19; range 24–41) participated in the
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study. Three were female and six were male. All of the
subjects were healthy and without a history of neurolo-
gical or psychiatric disease or head injury. Written,
informed consent was obtained from all subjects prior to
the experiment and the study had the approval of the Joint
Medical Ethics Committee of the National Hospital for
Neurology and Neurosurgery and the Institute of Neurol-
ogy.

Design

The study used a repeated measures 3 (Site) × 2 (Duration)
× 2 (Phase) design. Each subject performed a time
estimation and reproduction task at both SHORT and
LONG interval lengths. For each interval length, there
were three rTMS sites tested (SMA, right DLPFC and leg
motor area), with rTMS delivered at one of two time
points: Estimation Phase and Reproduction Phase. The
order of conditions was counterbalanced using a Latin
Square design.

Procedure

Subjects were seated opposite a computer screen with a
response button placed at a comfortable distance in front
of them. The task was first described to the subjects and
they then attempted five practice trials (no rTMS) to
ensure that they fully understood it. The task involved
reproducing an interval of time that was visually presented
to the subjects. A light blue circle (Circle 1) was flashed in
the centre of a grey screen for 100 ms, and after a specified
period a dark blue circle (Circle 2) appeared for 100 ms.
The subjects were instructed to estimate the period
between the appearances of the two circles (Estimation
Phase). As soon as the dark blue circle disappeared, the
subjects were asked to start reproducing the interval that
they had just estimated (Reproduction Phase). When they
considered that the same amount of time had elapsed, then
they were to press the response button. Their response
initiated the presentation of a black circle (Circle 3), which
also appeared for 100 ms. No feedback was given. All
subjects used their right index finger to respond.

For each rTMS site, a complete run consisted of 50
trials (split into two 25 trial blocks) in which the subjects
estimated SHORT intervals and 50 trials (split into two 25
trial blocks) in which the subjects estimated LONG
intervals. SHORT trials had a standard interval of 400,
450, 500, 550 or 600 ms (average 500 ms). LONG trials
had a standard interval of 1,600, 1,800, 2,000, 2,200 or
2,400 ms (average 2,000 ms). The computer programme
selected interval lengths pseudo-randomly, such that each
subject received five presentations of each interval length
within a 25 trial block. The inter-trial intervals were one of
five randomly selected lengths (2,000, 2,500, 3,000, 3,500
or 4,000 ms). The different interval lengths were used to
prevent learning. A baseline condition was also included

in which subjects completed two 25 trial bocks (one
SHORT, one LONG) without any rTMS occurring.

rTMS

The rTMS was delivered at one of two time points during
the task; at the beginning of the Estimation Phase (i.e. at
the onset of Circle 1) and at the beginning of the
Reproduction Phase (i.e. at the onset of Circle 2). In the
SHORT and LONG conditions, one block of 25 trials
consisted of stimulation during the Estimation Phase and
the other block of 25 trials consisted of stimulation during
the Reproduction Phase.

rTMS was delivered with a flat figure-of-eight coil
(90 mm outer winding diameter) connected to a Magstim
rapid stimulator (Magstim, Whitland, Dyfed, UK). Each
time four stimuli were given at a rate of 20 Hz. The three
sites for the rTMS were the SMA, the right DLPFC and
the leg motor area. The leg motor area was determined as
the spot in which maximum muscle activity was observed
in the legs when held out in front of the subject with
ankles dorsiflexed (all areas were established using single
stimulus pulses). To localize the SMA site, the coil was
moved 4 cm forward from the leg motor site (approx.
FCz). The DLPFC is a broad area; we used a site similar to
that used by other research groups using TMS (e.g.
Epstein et al. 2002; Zheng 2000). The coil was placed
5 cm anterior from the hand motor area on the right
hemisphere and held parallel to the midsaggital line. The
hand motor area was located by finding the lowest
threshold spot for activating the contralateral first dorsal
interosseous (FDI) muscle. For both the leg motor area and
right DLPFC, rTMS was applied at an intensity equal to
the resting hand motor threshold. The latter was
established visually by finding the threshold at which a
motor twitch was observed approximately 50% of the
time, whilst the hand was in a resting state. To ensure that
the rTMS penetrated deep enough at the SMA site, 90% of
the active leg motor threshold was used. This was
determined by finding the threshold at which 50% of
pulses induced a twitch in the legs when held in the
position described above (i.e. when leg muscles were
active). For all three sites the coil handle was pointing
backwards. The study used rTMS parameters within
established guidelines (Wassermann 1998).

Results

Although the main focus of our experiments was to
compare the effects of rTMS at different scalp sites, we
also included a baseline condition in which no TMS was
applied. As expected (Vierordt’s Law), subjects tended to
overestimate the duration of the SHORT interval (mean
595 ms rather than 500 ms), whereas they tended to
underestimate the LONG interval (mean 1,860 ms rather
than 2,000 ms). When rTMS was applied over the leg
motor area, all estimates were longer than the no
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stimulation condition (see Fig. 2). Since the leg motor area
is not known to play any role in time estimation, we
interpret this overestimation to factors such as the noise of
the stimulus and the scalp sensation produced by rTMS
interfering with performance of the task. As a result,
further analysis was confined to comparison of rTMS over
the leg motor area with rTMS over DLPFC or SMA.

Site-specific effects of rTMS

A three-factor ANOVA on the data (see Methods)
revealed, as expected, a main effect of Duration
(F(1,8)=386.15, p=0.001), and also a significant effect of
Site of stimulation (F(1,8)=3.82, p=0.04). There was no
significant main effect of Phase. The analysis also showed
that there was a significant three-way interaction (Site ×
Duration × Phase: F(1,8)=3.55, p=0.05), none of the other
interactions were significant.

The main effect of Site is explored in Fig. 1, where data
has been collapsed over both phases and durations of the
task. A priori tests showed that the main effect was due to
rTMS over the right DLPFC causing subjects to under-
estimate time intervals compared with rTMS over the leg
motor area (F(1,8)=15.18, p=0.001).

The three-way interaction was explored by separate
two-factor ANOVAs for SHORT and LONG intervals
(Fig. 2a, b). The ANOVA for the SHORT interval was not
significant for the main effects of Site and Phase, or for the
interaction of Site × Phase. To ensure that no effects in the
SHORT condition could be contributing to the significant
three-way interaction, a paired samples t-test was used to
compare the time reproduction values for rTMS over the
right DLPFC compared with rTMS over the leg motor area
in the Estimation Phase. This test was not significant and
as rTMS over these two areas showed the greatest
difference within a Phase, we are confident that no data
from the SHORT condition could be explaining the three-
way interaction. In contrast, the ANOVA for the LONG
interval approached significance for the effect of Site
(F(1,8)=3.17, p=0.07) and for the Site × Phase interaction

(F(1,8)=2.75, p=0.09). As the Site and Phase effects in the
LONG condition appeared to be the likely source of the
significant three-way interaction, post hoc paired samples
t-tests were used to explore the significant interaction.
rTMS over the right DLPFC was significantly different
from rTMS over the leg motor area during the Reproduc-
tion Phase for LONG intervals (t(8)=−3.21, p=0.01). There
were no significant effects for the Estimation Phase. We
conclude that rTMS over the right DLPFC caused subjects
to underestimate LONG time intervals when it was applied
in the Reproduction phase of the task.

Discussion

The present experiment explores the effect of disrupting
function in the right DLPFC and the SMA with rTMS
during a time reproduction task. The results were
compared with the effect of rTMS over the leg motor
cortex since this is unlikely to be involved in time
reproduction and could therefore control for the effects of
the noise and scalp sensation produced by rTMS. Indeed,
comparison with a condition where no rTMS was given
showed that these effects caused a general overestimation
of interval estimation, perhaps due to changes in the
arousal levels of the subjects. The data analysis was
therefore confined to site-specific comparisons of rTMS.
These showed that subjects underestimated the duration of
LONG (average 2 s) intervals if rTMS was given to the
right DLPFC during the Reproduction Phase of the task.
There were no effects of right DLPFC stimulation in the

Fig. 1 Mean differences in time reproductions of the subjects
collapsed across Phase and Duration. *Significant effect of
difference between rTMS over the right DLPFC and rTMS over
the leg motor area

Fig. 2 a Mean differences in time reproductions of the subjects
SHORT condition. b Mean differences in time reproductions of the
subjects LONG condition
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SHORT (average 500 ms) interval estimation and there
were no significant effects of SMA stimulation.

It is also worth noting that rTMS over the SMA and the
right DLPFC resulted in a decrease in the time reproduc-
tion values when compared with rTMS over the leg motor
area. This implies that the natural bias towards under-
estimating long intervals (Vierordt’s law; see Woodrow
1951) is increased when rTMS is used at these sites. The
significantly increased effect on a pre-existing response
tendency with rTMS over the right DLPFC in the
Reproduction Phase (when compared with rTMS over
the leg motor area) implies that this modulation of a pre-
existing response bias is particularly related to the right
DLPFC. Modulation of an existing response bias using
rTMS has also been found in a study using rTMS to
investigate random number generation; in this study rTMS
over the left DLPFC altered the direction of the subject’s
response bias (Jahanshahi et al. 1998).

Right dorsolateral prefrontal cortex

The data suggest that in long interval timing, the right
DLPFC performs a function at the beginning of the
Reproduction Phase that is essential to temporal repro-
duction. This pattern of results complement our functional
imaging study in which subjects reproduced previously
learned intervals of 500 ms and 2 s (Jones et al. 2000).
Right DLPFC activation was only observed in the long
interval condition, which led us to conclude that it was
involved in the additional cognitive processes that
seconds-range timing requires. Our functional imaging
study also found right SMA activation in the long interval
condition, although evidence to suggest that the SMA is
essential to temporal processing is not clear in the present
study. Additionally, the findings partially concur with the
PET study of Macar et al. (2002) who found SMA and
DLPFC activation in a similar temporal reproduction
paradigm. However, the intervals used were, on average,
2.7 and 11 s, which are much longer than those used here.

The results also confirm the findings of Koch et al.
(2003) who found underestimation in a seconds-range
temporal reproduction task with rTMS over the right, but
not left, DLPFC. Our study extends this conclusion in
showing that rTMS during the Reproduction Phase, but
not the Estimation Phase, has a significant effect on
temporal processes. Koch et al. (2003) suggested that the
underestimation could reflect memory or decision making
processes. The results presented here argue against the
second hypothesis as the effect of rTMS was only
significant when it occurred at the onset of Circle 2,
which is unlikely to significantly impact upon the decision
to respond. The onset of Circle 2 is also the point at which
the temporal reproduction occurs, i.e. ‘clock’ processes are
initiated to reproduce a period of time. However, we do
not believe that these clock processes are being disrupted,
as clock processes are also initiated at the onset of
Circle 1. We propose that the disruption produced by
rTMS over the right DLPFC at this time point reflects

interference with memory processes, since at the onset of
Circle 2 subjects would be consolidating the time interval
presented during the Estimation Phase (marked by Circles
1 and 2) in memory. This reflects the pharmacological
work of Meck and colleagues (Meck 1983; Meck and
Church 1987a, b) as well as a rat lesion study (Olton
1989), both of which suggest that the frontal cortex is
involved in the transfer of temporal intervals to memory.

The lack of effect of rTMS on estimation of SHORT
intervals suggests that the right DLPFC plays a differential
role in milliseconds- and seconds-range timing. This
concurs with the assertion that, unlike milliseconds-range
timing, seconds-range time intervals are calculated using
cognitive processes and recruit cortical areas such as the
DLPFC and parietal cortex (Lewis and Miall 2003). In
corroboration of this, Michon (1985) has proposed that
information processing below 500 ms is highly perceptual
and not accessible to cognitive control. Rammsayer (1999)
found that duration discrimination of long intervals
(1,000 ms) was affected by midazolam, which is known
to affect working memory functions, whereas short
interval discrimination (50 ms) was not. Indeed, a
concurrent short-term memory task causes a lengthening
of the reproduced interval in a time reproduction task
when it occurs in the Reproduction Phase. Whilst, when
the concurrent task occurs during the Estimation Phase,
temporal reproductions decrease (Fortin and Rousseau
1998). This suggests that timing tasks share working
memory resources with non-temporal tasks, particularly as
concurrent tasks that don’t have a short-term memory
component do not affect timing (e.g. Fortin and Breton
1995; Fortin et al. 1993). Overall, this implies that longer
intervals are more vulnerable than short intervals to task-
oriented memory processes subserved by prefrontal areas.

The key question that remains is whether the working
memory components are storing the temporal information
or providing timing calculations themselves? Fletcher and
Henson (2001) suggest that the DLPFC is involved in
selecting, manipulating and monitoring the items held in
working memory. Certainly, many theorists dismiss the
working memory aspects of the timing process as being
non-specific. For example patients with frontal lesions are
unable to execute a temporal (duration discrimination) or
non-temporal (frequency discrimination) task when the
intervals are too long and the memory load too demanding
(e.g. Mangels et al. 1998). However, other research
suggests that memory may be the key to timing. The
Multiple Time Scale model of Staddon and Higa (1999)
proposes that temporal judgements are based on memories
of different ‘strengths’, i.e. a memory decays as time
passes and this change is quantified in a systematic,
predictable way by the organism. Indeed, inhibitory cell
pairs have been identified in the DLPFC that appear to
show a delay in activity between them of 200–1,400 ms,
which has been presented as evidence of timing-like
behaviour in the prefrontal cortex (Constantinidis et al.
2002). Lewis (2002) goes as far as proposing that this
evidence suggests that the internal clock may be located
within the prefrontal cortex, arguing that patients with
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Parkinson’s disease who display temporal deficits tend to
be in an advanced stage of illness and thus have a
deterioration in the dopaminergic projections to the
prefrontal cortex. It is also worth noting that the original
conceptions of working memory, derived from animal
work with the delayed response task, considered working
memory as holding information ‘on line’ over a period of
time (e.g. Goldman-Rakic 1996). Regardless of the exact
nature of the contribution of the prefrontal cortex to timing
processes, it is undisputable that rTMS over the right
DLPFC has a differential effect on the timing of SHORT
and LONG intervals, and that this difference is in some
way underpinned by the cognitive nature of estimating and
reproducing long intervals. This leads us to conclude that
the right DLPFC is essential to memory transfer and
storage in seconds-range time reproduction.

Supplementary motor area

The results showed that rTMS over SMA had no
significant effect compared with rTMS over the leg area
on interval estimation in any of the tasks. At first sight this
might lead to the conclusion that the SMA is not essential
for time estimation. However, there is one limitation in the
present experimental design that prevents us from
interpreting any negative results. Although we gave
rTMS over the approximate area of the SMA, we have
no independent measure at the site and stimulus intensities
we used that we were actually successful in disrupting
activity in the SMA. Unlike the motor cortex, where
effective stimulation can be verified by the presence of
muscle twitches in contralateral body muscles, there is no
test for effective stimulation of SMA. In fact, considerable
evidence suggests that the SMA plays a non-motor role in
timing; for example, SMA activation was found through-
out the various stages of a duration discrimination task
(Rao et al. 2001) and Macar et al. (1999) found EEG
changes in the SMA during both duration discrimination
and time reproduction tasks. Additionally, this study had a
rhythmic presentation across trials whilst previous re-
search has shown that lesions to the SMA result in
impairments in reproducing rhythms from memory (Hals-
band et al. 1993) and SMA activation has been identified
in an fMRI study of auditory and visual monitoring of
rhythms (Schubotz et al. 2000). Clearly further work is
needed to test these hypotheses with rTMS.

Summary

In conclusion, the different pattern of results in the
SHORT and LONG conditions supports the hypothesis of
previous researchers that short and long interval timing
involves different neural structures (Ivry 1996; Lewis and
Miall 2003). This study provides evidence that the right
DLPFC is essential to the accurate reproduction of
intervals in the 2-s range and that this is likely due to its
role in the consolidation and transfer of temporal memory.

This corroborates previous functional imaging and clinical
work, which has suggested that the right hemisphere,
including the right DLPFC, is involved in the timing of
long (seconds) durations (e.g. Harrington et al. 1998;
Jones et al. 2000; Lewis and Miall 2003).
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