Acta Neurobiol Exp 2004, 64: 329-340

NEU OBIOLOGI E
EXPE IMENT LIS

The neural correlates of cognitive
time management: a review
Katya Rubia and Anna Smith
Department of Child and Adolescent Psychiatry, PO85, Institute of
Psychiatry, London SE5 8AF, United Kingdom

iew
v
Re

The correspondence should be
addressed to K. Rubia,
Email: k.rubia@iop.kcl.ac.uk

Abstract. Cognitive time management is an important aspect of human
behaviour and cognition that has so far been understudied. Functional
imaging studies in recent years have tried to identify the neural correlates of
several timing functions, ranging from simple motor tapping to higher
cognitive time estimation functions. Several regions of the frontal lobes, in
particular dorsolateral prefrontal cortex (DLPFC), inferior prefrontal cortex
(IFC), anterior cingulate gyrus (ACG) and the supplementary motor area
(SMA), alongside non-frontal brain regions such as the inferior parietal lobes,
the cerebellum and the basal ganglia have been found to be involved in tasks
of motor timing and time estimation. In this paper we review and discuss the
involvement of these brain regions in different tasks of cognitive time
management, illustrating it with own findings on motor timing and time
perception tasks using functional magnetic resonance imaging (fMRI). The
review shows that the same brain regions are involved in both motor timing
and time estimation, suggesting that both functions are probably inseparable
and mediated by common neural networks.
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INTRODUCTION
Human behaviour is necessarily conducted in time
and space, which makes cognitive time management an
essential human function. Adequate timing of our behaviour and good time estimation skills are essential for
normal social functioning and have an impact on a wide
range of motor and cognitive functions such as movement, planning, speed of cognitive processing and
speech.
In the timing literature, the distinction has been made
between motor timing and time perception (Fuster
1990). In this article we use the term cognitive time
management when we generalise across both forms of
perceptive time estimation and motor timing. Motor
timing refers to the timing aspects of the output of behaviour such as the temporal organisation of motor,
speech or cognitive acts. Time perception refers to the
more passive and perceptive aspects of cognitive time
management such as perceiving temporal intervals and
the ability to estimate temporal delays. In laboratory settings motor timing has so far been measured in tasks of
finger tapping, rhythm production, rhythmic finger
movements, sensorimotor synchronisation, and the
temporal organisation of movements. The time range
used with these methods range from the milliseconds’
range to seconds and minutes. Time estimation has been
measured in tasks of temporal estimation, where temporal intervals from milliseconds to minutes or even hours
need to be estimated, in tasks of temporal production or
reproduction, where subjects are told to (re)produce a
time interval given to them in conventional time units,
in time discrimination tasks, where two different temporal intervals need to be discriminated or in rhythm discrimination tasks.
Since cognitive time management is such an essential
function of normal human behaviour, different behavioural pathologies have shown abnormalities in both
motor timing and time estimation. Thus, abnormalities
in time estimation have been observed in a wide range of
pathologies including patients with brain lesions (Harrington et al. 1998, Rubia et al. 1997), attention deficit/hyperactivity disorder (Rubia et al. 1999a,b, 2001,
2003, Smith et al. 2002, Sonuga-Barke et al. 1998), antisocial personality disorder (Bauer 2001), dyslexia and
dysphasia (May et al. 1988, Needham and Black 1970,
Nicolson et al. 1995, Tallal et al. 1991), schizophrenia
(Davalos et al. 2003, Rammsayer 1990, Ulferts et al.
1999, Volz et al. 2001), depression (Kuhs et al. 1991,

Mundt et al. 1998, Rammsayer 1990), Parkinson’s disease (Lange et al. 1995, Pastor et al. 1992, Riesen and
Schnider 2001) and drug abuse (Mathew et al. 1998,
Mintzer and Stitzer 2002, Solowij et al. 2002). Motor
timing has been less extensively tested, but also been
found to be abnormal in several psychopathologies such
as attention deficit/hyperactivity disorder (Carte et al.
1996, Rubia et al. 1999a,b, 2001, 2003, Stevens et al.
1970), dyslexia (Denckla et al. 1985, Waber et al. 2000),
Parkinson’s disease (Elsinger et al. 2003, O’Boyle et al.
1996) and alcohol abuse (Parks et al. 2003).
It has been suggested that motor timing as an executive function would be mediated by prefrontal brain regions while time perception as a perceptive function
would be aided by the activation of more posterior brain
regions such as the parietal lobes (Fuster 1990). Over
the last decades, brain lesion and imaging studies using
a wide range of timing tasks, from simple motor tapping
to higher complex time estimation tasks, have attempted
to specify the neural correlates associated with the various functions of motor and cognitive time management.
Several regions in the frontal lobes such as dorsolateral
and inferior prefrontal cortices, supplementary motor
area, and anterior cingulate, but also non-frontal cortical
regions such as the parietal lobes and subcortical brain
areas including the cerebellum and the basal ganglia
have been found to be implicated in motor timing and
time estimation. Interestingly, it appears that strikingly
similar brain regions seem to subserve both motor timing and time perception. This may reflect the fact that
cognitively, both functions can not be clearly separated.
Time estimation tasks that involve a button press, for
example, will be confounded by motor timing functions
and most motor timing tasks involve an element of perceptive time estimation such as estimating a temporal
delay in order to make a perfectly timed move. It is the
aim of this article to review and discuss the brain regions
that have been found to be involved in both functions of
motor timing and time perception. Furthermore, we
hope to show with this review that the two functions are
mediated by similar brain regions suggesting that they
cannot be as clearly separated as previously thought.
A further important distinction in the timing literature
is to be made between different temporal domains in
which both time estimation or motor timing are being
measured (Szelag et al. 2004 – this issue). As different
cognitive functions are being co-measured, for example, in time estimation or reproduction of several seconds or minutes, sustained attention to time and
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working memory will be crucial basis functions to hold
the time interval online. In reviewing the literature we
will therefore clearly point out the time range that has
been tested by the several studies.

DORSOLATERAL AND INFERIOR
PREFRONTAL CORTICES
The prefrontal cortex was one of the first brain regions to be related to cognitive time management, based
on animal and lesion studies of an involvement of the
prefrontal cortex in planning and timing of behaviour
and the perception of time (Fuster 1989). In recent decades, functional brain imaging studies using functional
magnetic resonance imaging (fMRI) and positron emission tomography (PET) in combination with paradigms
of motor timing and perceptive timing functions have
confirmed the hypothesis of a predominant role of the
prefrontal cortex in cognitive time management.
Lesion studies have shown that patients with lesions of
right and left frontal brain regions appear to be impaired
in their ability to estimate temporal durations of milliseconds, seconds and minutes (Casini and Ivry 1999, Harrington et al. 1998, Mangels et al. 1998, Nichelli et al.
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1995, Rubia et al. 1997). In some of these studies, in
particular the integrity of right DLPFC and right inferior
parietal lobe has been shown to be critical for time discrimination and estimation deficits of several seconds
(Harrington et al. 1998, Kagerer et al. 2002, Mangels et
al. 1998, Rubia et al. 1997). Modern functional imaging
studies using fMRI and PET have confirmed the role of
DLPFC and IFC in mediating motor timing and time estimation. In most of these studies the prefrontal activation
was in the right hemisphere. Thus, predominantly right
hemispheric DLPFC, but also right IFC have shown to
mediate time estimation of several seconds (Basso et al.
2003, Lewis and Miall 2002, Macar et al. 2002) and time
discrimination of milliseconds (Maquet et al. 1996, Rao
et al. 2001, Smith et al. 2003). DLPFC is also activated in
motor timing tasks such as sensorimotor synchronisation
of hundreds of milliseconds in finger tapping (Larsson et
al. 1996) and of several seconds (Lejeune et al. 1997,
Rubia et al. 1998, 2000). In our own studies of motor timing sensorimotor synchronisation was required for a
stimulus that appeared every 5 s and contrasted to
sensorimotor synchronisation of a 600 ms interval (Rubia
et al. 1998, 2000). Sensorimotor synchronisation in the
delay task of 5 s requires both adequate estimation of the

C

Fig. 1. Generic brain activation map of 8 right-handed male adults (aged 22 to 40 years; mean age 29 years) while performing a
sensorimotor synchronisation task of 5 s, after contrasted with a sensorimotor synchronisation task (finger tapping) of 0.6 s in a
block design fMRI study. Subjects were instructed to time their motor response to the regular appearance of the visual stimuli
on the computer screen. For good sensorimotor timing subjects had to monitor the time interval elapsed since the presentation of
the last visual stimulus. The long event rate condition imposes a higher load on time estimation and motor timing compared to
the short event rate condition. Areas shown are brain regions that showed significant greater activation during the
synchronisation task of 5 s in contrast to finger tapping, presumably reflecting both time estimation and motor timing (corrected
P<0.003) (for further details see Rubia et al. 2000). (A) Activations in right and left dorsolateral (Brodmann area (BA) 46) and
inferior prefrontal cortices (BA 45); (B) activation in anterior cingulate gyrus, right dorsolateral and inferior prefrontal cortices
(BA 32) and right parietal lobe; (C) activation in right putamen and right inferior prefrontal lobe (BA 45).
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5 s interval and accurate motor timing (see Fig. 1). In a
posterior study we tested pure time estimation in a temporal discrimination task, where time intervals of about 1
seconds length differed by several hundreds of milliseconds; we observed a similar focus of right DLPFC and
right IFC for pure time estimation (see Fig. 2).
A further distinction has been made between the neural correlates of long-term and short-term time estimations. Mangels et al. (1998) found that damage in lateral
prefrontal cortex impaired the discrimination of long (4
s) but not short temporal durations (400 ms). This is in
line with the studies of Rubia et al. (1998, 2000) where
lateral prefrontal activation was only observed in the
contrast of the longer synchronisation task with the tapping task, but not in the tapping task alone (see Fig. 1).
These findings may suggest that regions of the
prefrontal cortex have the function of a hypothetical accumulator within an internal clock model, which is required only with durations of more than several
seconds. Indeed, prefrontal activation in timing tasks of
durations of several seconds has often been related to

A

other underlying functions besides pure timing processes, such as sustained attention to the time interval or
working memory components (Macar et al. 2002,
Maquet et al. 1996, Rao et al. 2001), based on the
well-known role of DLPFC in working memory (Baker
et al. 1996, Diwadkar et al. 2000, Manoach et al. 1997,
Mull and Seyal 2001) and attention (Mazoyer et al.
2002, Posner and Peterson 1990, Sylvester et al. 2003).
Thus, in some of the studies DLPFC activation was not
only related to temporal discrimination but also to the
attentional control conditions (Coull and Nobre 1998,
Lejeune et al. 1997, Tracy et al. 2000). However, other
studies have suggested that DLPFC may have a more primary role in time estimation processes (Constantinidis et
al. 2002, Lewis 2002, Rubia et al. 1998, Zakay and
Block 1996). Thus, studies using delay tasks with minimal working memory load have observed strong
DLPFC and IFC activation (Rubia et al. 1998, 2000)
(see Fig. 1). It has been argued that DLPFC activation
often observed during working memory tasks such as
the delayed response task (where a response is requested

B

Fig. 2. Generic brain activation map of 20 healthy right-handed male adults (aged 22 to 42 years, mean age 29 years) while performing a time discrimination task after contrasted from an order discrimination task in block design fMRI. Subjects had to discriminate two time intervals. The standard interval lasted 1s, the comparison interval lasted either 1.3 s, 1.4 s, or 1.5 s. Both
intervals were presented by a green or a red circle on a computer screen. Subjects had to decide which of the two circles that
were presented consecutively on a computer screen lasted longer, the red of the green one (the standard and comparison intervals were counterbalanced in colour). The task was contrasted with an order discrimination task, where subjects had to indicate
which of the two circles was presented first, the red or the green one (for details see Smith et al. 2003). Brain regions are shown
of increased activation in relation to the temporal discrimination task when contrasted with the order judgement, thus representing areas responsible for pure perceptive temporal discrimination (corrected P<0.05) (A) Activation of right dorsolateral (BA
9/46) and inferior prefrontal (BA 45) cortices and the supplementary motor area (BA 6); (B) left hemispheric view: activation of
left cerebellum and the supplementary motor area, that was activated bilaterally (see Fig. 2A).
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after a certain temporal delay period), could in fact reflect underlying timing processes such as bridging the
temporal gaps involved in these tasks or timing of the
motor response (Rubia et al. 1998, 2000). Single cell recordings in prefrontal cortex in monkeys have been
shown to be in line with this hypothesis. In an attempt to
disentangle timing and working memory processes in
delayed response tasks, Fuster (1973) found that different neurons in the DLPFC of monkeys were cue-coupled, presumably related to the mnemonic content,
while others were showing sustained activity, presumably reflecting temporal processes. More recently,
Constantinidis et al. (2002) studied cell pairs in DLPFC
in primates and found that the firing of one of these
paired neurons is then followed by inhibitory activity in
the second cell of the pair. Temporally predictable decay curves in the first cell then determine the onset of activity of the second inhibited cell. These circuits could
act as cortical oscillators and may even form the neural
basis of a central clock mechanism (Lewis 2002). In
support of this, an fMRI study found increasing activation in DLPFC with increasing delays in a working
memory task, but not with increasing working memory
load (Braver et al. 1997). Also, a study by Pochon et al.
(2001) comparing a delayed matching task with a delayed response preparation task found that right-sided
DLPFC activation was stronger for the response preparation than for the working memory task. Furthermore,
there are also studies that have found DLPFC to be involved in shorter time estimation processes in the milliseconds’ range, where sustained attention and working
memory functions are less relevant (Larsson et al. 1996,
Maquet et al. 1996, Ortuno et al. 2002, Rao et al. 2001
Smith et al. 2003). In our own study, the time intervals to
be discriminated were about 1s long, but differed in
hundreds of milliseconds (Smith et al. 2003). Thus,
working memory or sustained attention demands were
relatively small and well controlled by the control task
and we still observed strong right-sided DLPFC and
IFC activation (see Fig. 2).
It could also be argued, on the other hand, that working memory, i.e., holding the temporal interval online, is
an important underlying cognitive component of time
estimation processes which would also explain DLPFC
activation during temporal tasks. DLPFC could then be
thought to act as an "accumulator", storing information
about a passing time interval and making it the working
memory component of a hypothesised internal clock
(Gruber et al. 2000, Mangels et al. 1998).

A third theory, probably the most likely, would assume that different regions within DLPFC subserve both
timing and working memory functions (D’Esposito et al.
2000, Rubia et al. 1998, Zarahn et al. 2000).
Right IFC is another prefrontal region that has commonly been found to be activated during motor timing
and time estimation processes. Thus, IFC has shown to be
activated during motor timing tasks such as finger tapping (Rao et al. 1997), rhythmic finger movement
(Kawashima et al. 1999), rhythm reproduction (Penhune
et al. 1998), and sensorimotor synchronisation (Lejeune et
al. 1997, Rubia et al. 2000) (see Fig. 1). It has, however,
also found to be involved in perceptive timing paradigms
such as temporal discrimination of hundreds of milliseconds (Maquet et al. 1996, Pedersen et al. 2000, Pouthas et
al. 2000, Smith et al. 2003) (see Fig. 2), simple attention
to synchrony/asynchrony (Gruber et al. 2000), rhythm
perception (Schubotz et al. 2000), timed counting of hundreds of milliseconds (Ortuno et al. 2002) and temporal
production of several seconds (Brunia et al. 2000). In a
study that combined event related potentials (ERPs) with
PET increased activation was observed in right IFC and
ACG during time discrimination trials compared with intensity discrimination and the timing of the ERPs associated with right prefrontal regions were aligned with the
durations themselves (Pouthas et al. 2000). As mentioned
above, we observed right IFC and DLPFC activation in a
motor delay task, where subjects had to adjust the motor
response to a stimulus appearing every 5 seconds, which
required both motor timing and time estimation (Rubia et
al. 2000) (Fig. 1). IFC and DLPFC were, however, not activated during a motor tapping task of 600 ms, when contrasted with the synchronisation task of 5 s (Rubia et al.
2000). Very similar right IFC and DLPFC activation was
observed during a temporal discrimination task of hundreds of milliseconds (Smith et al. 2003) (see Fig. 2). In an
elegant attempt to disentangle the involvement of different prefrontal brain regions in timing aspects, Brunia et
al. (2000) could attribute IFC activation to the execution
of an anticipated timed movement (the production of a 3 s
interval) based upon feedback on previous performance,
while DLPFC appeared to use internal cues for temporal
programming of the motor output. Furthermore, Gruber
et al. (2000) and Schubotz et al. (2000) found activation
in IFC where subjects were instructed simply to attend to
rhythm and where no movement was required. It thus appears that IFC may be related more to perceptive time estimation processes rather than to motor timing aspects of
behaviour.
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SUPPLEMENTARY MOTOR AREA
(SMA) AND THE ANTERIOR
CINGULATE GYRUS (ACG)
The SMA forms part of fronto-striatal pathways. It
has projections to and from the basal ganglia via the
thalamus, and is also connected to frontal and parietal
cortical attention areas (Schell and Strick 1984). Focal
lesions in the SMA have shown to produce deficits in
the timing of movements as tested in rhythm reproduction (Halsband et al. 1993). Activation of the SMA has
consistently been found in motor timing tasks, including tasks of finger tapping and rhythm tapping of hundreds of milliseconds, and motor preparation, temporal
production and temporal synchronisation of several seconds (Brunia et al. 2000, Lang et al. 1990, Penhune et al.
1998, Rao et al. 1997, Riecker et al. 2003, Rubia et al.
1998, 2000) (see Fig. 1). However, despite its postulated role in motor aspects of timing, the SMA has also
been activated in tasks of pure perceptive time estimation. Thus, some studies have observed increased SMA
activation during estimation of longer time intervals of
seconds as opposed to milliseconds (Fernandez et al.
2003, Pouthas et al. 2001, Rubia et al. 1998, 2000) (see
Fig. 1) and in time production of several seconds (Lewis
and Miall 2002). However, SMA activation has also
been found in studies of discrimination of short intervals in the milliseconds’ range (Macar et al. 2002, Rao
et al. 2001), of second intervals that differed by hundreds of milliseconds (Smith et al. 2003) (see Fig. 2), in
rhythm discrimination involving milliseconds (Gruber
et al. 2000, Schubotz et al. 2000), timed counting
(Ortuno et al. 2002) and in temporal orienting to brief
temporal intervals of hundreds of milliseconds (Coull
and Nobre 1998). Indeed, Macar et al. (2002) found
SMA activation in both short (milliseconds) and long
time (seconds) interval discriminations. We observed a
similar focus of the SMA in sensorimotor timing of 5 s
(Rubia et al. 2000) (see Fig. 1) and in temporal discrimination of seconds intervals that differed by hundreds of
milliseconds (Smith et al. 2003) (see Fig. 2). It thus appears that, while earlier studies have postulated a strong
role of the SMA in motor timing processes, more recent
studies have shown that the timing functions of the
SMA also include purely perceptive timing.
The closely adjacent anterior cingulate gyrus (ACG)
has also found to be activated in motor timing tasks such
as sensorimotor synchronisation of seconds (Rubia et al.
1998, 2000) and sensorimotor synchronisation of hun-

dreds of milliseconds (Lejeune et al. 1997, Rubia et al.
1998). It has, however, also been found to be activated
in studies of time estimation such as time production
and reproduction of seconds (Lewis and Miall 2002,
Macar et al. 2002), temporal discrimination (Maquet et
al. 1996) and timed counting (Ortuno et al. 2002) in the
milliseconds range. Unlike the study of Maquet et al.
(1996) we did not observe ACG activation when subjects had to discriminate time intervals that differed by
hundreds of milliseconds (Smith et al. 2003) (see Fig. 2),
but we observed ACG activation during sensorimotor
synchronisation of hundreds of milliseconds and seconds (Rubia et al. 1998, 2000) (see Fig. 1). It has been
suggested that ACG, rather than being specifically related to cognitive time management per se, might be related to motor attention functions. Thus, ACG has been
found to show a biphasic activation in both a motor tapping task of 600 ms and a delay task of 5 s and has been
suggested to play a role in switching and attention allocation (Rubia et al. 1998). The ACG forms part of the
midline attention system and has therefore been attributed a role in attention to action as well as an evaluative
comparator role assisting executive control (Carter et al.
1999, 2000, Gehring and Knight 2000, McDonald et al.
2000, van Veen et al. 2000), both important functions
that are necessary for motor timing and distinguishing
time intervals, respectively.

CEREBELLUM
Two important subcortical brain structures have been
related to motor and cognitive time management,
namely the cerebellum and the basal ganglia. The importance of the cerebellum in timing processes has been
postulated long time ago (Braitenberg 1967) and is now
fairly well established (Harrington and Haaland 1999).
Lesion studies have shown that patients with cerebellar
lesions display poor performance on both motor tapping
and time estimation tasks such as velocity perception
and temporal discrimination, both in the range of hundreds of milliseconds (Ivry and Diener 1991, Ivry and
Keele 1989, Ivry et al. 1988). In one of the studies the
poor performance of cerebellar patients on motor tapping and time discrimination contrasted with the performance of patients with cortical lesions, who showed
deficits in a finger tapping but not a discrimination task,
and patients with basal ganglia damage, whose performance did not differ from that of controls in either task
(Ivry and Keele 1989, Ivry et al. 1988). Since temporal
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discrimination is often thought to be the purest measure
of time perception (Rubia et al. 1999a), this study was
interpreted as evidence for a central role of the cerebellum in temporal perception. Other studies of cerebellar
patients have shown them to be poor at time discrimination in both long (seconds) and short (hundreds of milliseconds) intervals (Casini and Ivry 1999, Mangels et al.
1998, Nichelli et al. 1996) and, in contrast with patients
with prefrontal lesions, the temporal discrimination deficits of cerebellar patients were not alleviated by counting strategies and the use of short durations (Mangels et
al. 1998). The above evidence, derived from focal lesion
studies is supported by functional imaging studies
where cerebellar activation has been found in temporal
discrimination of short intervals of hundreds of milliseconds (Dupont et al. 1993, Jueptner et al. 1995,
Maquet et al. 1996, Rao et al. 2001, Smith et al. 2003),
temporal orienting of under a second intervals (Coull
and Nobre 1998), rhythm discrimination (Schubotz et
al. 2000), rhythm reproduction of hundreds of milliseconds (Penhune et al. 1998) and time production of several seconds (Lewis and Miall 2002, Tracy et al. 2000).
Furthermore, apart from perceptive time estimation
functions, the cerebellum has also been found to be activated in functional imaging studies on motor timing
functions such as sensorimotor synchronisation of short
intervals in the milliseconds’ range (Inui and Hatta
2003, Larsson et al. 1996, Penhune et al. 1998, Rao et al.
1997) and longer time intervals of several seconds
(Lejeune et al. 1997, Riecker et al. 2003). We observed
activation in the left cerebellar hemisphere during a
fine-temporal discrimination task of hundreds of milliseconds (Smith et al. 2003) (see Fig. 2a). Most imaging
studies have found an involvement of the lateral portions of the cerebellar hemispheres in timing processes.
It has therefore been suggested that motor execution
may be subserved by medial regions of the cerebellum,
while internal clock processes or temporal management
may be subserved by lateral regions of cerebellum (Ivry
et al. 1988). In line with this functional division is the
difference in the connectivity of these two regions of
cerebellum – the lateral cerebellum projects to premotor
cortex and DLPFC, important for motor and perceptive
timing, while medial cerebellum is connected with the
spinal cord, affecting motor implementation (Middleton and Strick 1994, 2000). Two PET studies, however,
found that besides the lateral portions of the cerebellar
hemispheres also the vermis of the cerebellum was involved in temporal discrimination of hundreds of milli-

seconds (Jueptner et al. 1995, Maquet et al. 1996). In
conclusion, based on the findings in the literature of an
involvement of the cerebellum in motor timing and time
perception tasks, it has been speculated that the cerebellum might be especially relevant to event timing (Ivry et
al. 2002).

THE BASAL GANGLIA
Although basal ganglia lesion patients were not impaired in time discrimination in the study of Ivry and
Keele (1989), the basal ganglia have been observed to be
involved in time estimation and motor timing in several
other studies. Thus, lesions in the right supralenticular
white matter, presumably consisting of fronto-striatal
pathways, have been found to be associated with impaired time estimation and production of several seconds
in patients with brain lesions (Rubia et al. 1997). We observed right putamen activity in a sensorimotor task of 5 s
in healthy adults using fMRI (Rubia et al. 2000) (see Fig.
1). Left and right putamen (Lejeune et al. 1997) and left
putamen, globus pallidum and caudate nucleus (Riecker
et al. 2003) have been found to be activated during other
sensorimotor synchronisation tasks of several seconds
and left putamen has been found to be activated during a
finger tapping task of hundreds of milliseconds (Larsson
et al. 1996, Rao et al. 1997) and left and right putamen
during rhythm reproduction in the milliseconds range
(Penhune et al. 1998). Furthermore, caudate and putamen
have been also found to be activated in perceptive time
estimation tasks. Thus, caudate and putamen have been
found to be activated in time discrimination tasks in the
milliseconds range (Dupont et al. 1993, Jueptner et al.
1995, Rao et al. 2001), in rhythm discrimination of hundreds of milliseconds (Schubotz et al. 2000), and in time
production of several seconds (Lewis and Miall 2002).
The role of the basal ganglia in time estimation and motor
timing functions corroborates studies in patients with
Parkinson’s disease showing deficits in motor timing and
time perception that can be ameliorated with
dopaminergic treatments (Lange et al. 1995, O’Boyle et
al. 1996, Pastor et al. 1992, Riesen and Schnider 2001).
Furthermore, dopaminergic agents have also shown to
have an effect on time estimation and motor timing functions in healthy subjects (Rammsayer 1993, 1997,
Rammsayer and Vogel 1992). Animal studies show disruptions in response timing after focal lesions or drugs
targeting the dopaminergic functions in the basal ganglia
(for review see Meck 1996).
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The role of the cerebellum and the basal ganglia in
cognitive time management and timing of movements is
not surprising giving the important role these two structures have in fine-modulation of the behavioural output
and of movement in particular. Both the basal ganglia
and the cerebellum have important reciprocal connections with the motor areas of the frontal lobes (Middleton and Strick 1994, 2000, Picard and Strick 1996), but
also receive input from sensory brain regions such as the
parietal lobes. Their role in fine-modulation of the motor and cognitive output makes them well suited to regulate the timing aspects of behaviour.

PARIETAL LOBES
Other cortical brain regions that have commonly
been associated with time estimation, but less with motor timing, are the inferior parietal lobes. Focal lesion
studies have found time estimation deficits of several
seconds in patients with predominantly right parieto-occipital brain lesions (Harrington et al. 1998, Petrovici
and Scheider 1994). Inferior parietal lobes have found
to be activated during a sensorimotor synchronisation
task of several seconds, which involved both time estimation and time estimation functions (Rubia et al. 2000)
(see Fig. 1), during synchronisation of an interval of
several seconds (Lejeune et al. 1997), during finger tapping (Larsson et al. 1996) and rhythm reproduction
(Penhune et al. 1998) of hundreds of milliseconds, during time estimation tasks of several seconds (Basso et al.
2003, Lewis and Miall 2002, Macar et al. 2002), and in
temporal discrimination (Dupont et al. 1993, Maquet et
al. 1996, Pedersen et al. 2000, Rao et al. 2001), rhythm
discrimination (Schubotz et al. 2000) and timed counting (Ortuno et al. 2002) of hundreds of milliseconds. It
has been argued that the role of the parietal lobes in time
estimation tasks could be related to aspects of sustained
attention to time (Ortuno et al. 2002, Pardo et al. 1991).
In our time discrimination task that was well controlled
for sustained attention by a control task, we did not observe any parietal lobe activation (Smith et al. 2003)
(see Fig. 2). Sustained attention to time intervals is certainly a necessary basis function for time estimation
processes. Furthermore, the inferior parietal lobes are
interconnected with the frontal lobes, the basal ganglia
and the cerebellum (Cavada and Goldman-Rakic 1991,
Schmahmann and Pandya 1990), all of which have
shown to be important in time estimation. The parietal
lobes with their connections to fronto-striatal and

fronto-cerebellar circuits are thus strategically well
placed to support cognitive time management processes
by assisting them with sustained attention to time.

CONCLUSIONS
In conclusion, this review on the neural correlates of
cognitive time management shows that predominantly
right hemispheric dorsolateral and inferior prefrontal
cortices, anterior cingulate, the SMA, the basal ganglia
and the lateral cerebellar hemispheres appear to be involved in both functions of motor timing and time estimation.
Furthermore, the review shows that the dichotomy
between motor and perceptive timing functions may be
artificial. Both functions appear to be mediated by identical neural networks and may be inseparable.
There could be several reasons for the fact that motor
timing and time perception are mediated by the same
brain regions. The most likely reason is that the two timing functions are cognitively inseparable and therefore
mediated by identical brain areas. This argument would
suggest that timing a movement, for example, is not possible without good temporal perception functions, and,
on the other hand, many time perception tasks involve
elements of motor timing such as for example tasks of
temporal and rhythm production and reproduction.
Another argument would be that third cognitive basic
functions are underlying time estimation and motor timing such as sustained attention and working memory
that would be responsible for the findings of common
neural substrates. Several imaging studies, however,
have controlled for sustained attention and working
memory and it is therefore unlikely that the activation in
timing tasks is due to timing-unspecific working memory or attention functions. It rather appears that each of
these different brain regions has their specific role in
contributing to cognitive time management.
Right dorsolateral and inferior prefrontal cortices –
possibly in connection with their role in working memory – appear to play a special role in holding temporal
intervals online which is essential for most time estimation and motor timing functions. The SMA, traditionally been related to motor timing, but, as the review
shows, with recent involvement in purely perceptive
temporal estimation, appears to be a crucial brain area to
process temporal intervals in order to adjust movement
in the temporal domain. The anterior cingulate has been
suggested to have a more generic role in attentional
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components necessary for both motor timing (attention
to action) and time estimation (evaluative comparator).
This area thus contributes to cognitive time management as comparator of temporal intervals in time estimation tasks or by assisting motor timing with
allocation of motor attention. The cerebellum and the
basal ganglia, known to be fine-modulators of emotional, cognitive and motor behaviour, appear to be crucial also for the fine-modulation of the temporal aspects
of behaviours at both the motor and perceptive levels.
Last, not least, the parietal lobes seem to contribute to
time estimation and motor timing through allocation of
sustained attention to time.
REFERENCES
Baker SC, Frith CD, Frackowiak RSJ, Dolan RJ (1996) The
neural substrate of active memory for shape and spatial location in man. Cereb Cortex 6: 612-619.
Basso G, Nichelli P, Wharton CM, Peterson M, Grafman J
(2003) Distributed neural systems for temporal production: a functional MRI study. Brain Res Bull 59: 405-411.
Bauer LO (2001) Antisocial personality disorder and cocaine
dependence: their effects on behavioral and electroencephalographic measures of time estimation. Drug Alcohol Depend 63: 87-95.
Braitenberg V (1967) Is the cerebellar cortex a biological
clock in the millisecond range? Progr Brain Res 25:
334-346.
Braver TS, Barch DM, Nystrom E, Forman SD, Noll DC, Cohen
JD (1997) A parametric study of prefrontal cortex involvement in human working memory. Neuroimage 5: 49-62.
Brunia CHM, de Jong BM, van den Berg-Lenssen MMC,
Paans AMJ (2000) Visual feedback about time estimation
is related to a right hemisphere activation measured by
PET. Exp Brain Res 130: 328-337.
Carte ET, Nigg JT, Hinshaw SP (1996) Neuropsychological
functioning, motor speed and language processing in boys
with and without ADHD. J Abnorm Child Psychol 24:
481-498.
Carter CS, Botvinick MM, Cohen JD (1999) The contribution
of the anterior cingulate cortex to executive processes in
cognition. Rev Neurosci 10: 49-57.
Carter CS, McDonald AM, Botvinick M, Ross LL, Stenger A,
Noll D, Cohen JD (2000) Parsing executive processes:
strategic vs. evaluative functions of the anterior cingulate
cortex. Proc Natl Acad Sci U S A 97: 1944-1948.
Casini L, Ivry R (1999) Effects of divided attention on temporal processing in patients with lesions of the cerebellum or
frontal lobe. Neuropsychologia 13: 10-21.
Cavada C, Goldman-Rakic PS (1991) Topographic segregation of corticostriatal projections from posterior parietal

subdivisions in the macaque monkey. Neuroscience 42:
683-696.
Constantinidis C, Williams GV, Goldman-Rakic PS (2002) A
role for inhibition in shaping the temporal flow of information in prefrontal cortex. Nat Neurosci 5: 175-180.
Coull JT, Nobre AC (1998) Where and when to pay attention:
the neural systems for directing attention to spatial locations and to time intervals as revealed by both PET and
fMRI. J Neurosci 18: 7426-7435.
Davalos DB, Kisley MA, Ross RG (2003) Effects of interval
duration on temporal processing in schizophrenia. Brain
Cogn 52: 295-301.
Denckla MB, Rudel RG, Chapman C, Krieger J (1985) Motor
proficiency n dyslexic children with and without
attentional disorders. Arch Neurol 42: 228-231.
D’Esposito M, Ballard D, Zarahn E, Aguirre GK (2000) The
role of prefrontal cortex in sensory memory and motor
preparation: an event-related fMRI study. Neuroimage 11:
400-408.
Diwadkar VA, Carpenter PA, Just MA (2000) Collaborative
activity between parietal and dorsolateral prefrontal cortex
in dynamic spatial working memory revealed by fMRI.
Neuroimage 12: 85-99.
Dupont P, Orban GA, Vogels R, Bormans G, Nuyts J,
Schiepers C, De Roo M, Mortelmans L (1993) Different
perceptual tasks performed with the same visual stimulus
attribute activate different regions of the human brain: a
positron emission tomography study. Proc Natl Acad Sci U
S A 90: 10927-10931.
Elsinger CL, Rao SM, Zimbelman JL, Reynolds NC,
Blindauer KA, Hoffmann RG (2003) Neural basis for impaired time reproduction in Parkinson’s disease: an fMRI
study. J Int Neuropsychol Soc 9: 1088-1098.
Ferrandez AM, Hugueville L, Lehericy S, Poline JB,
Marsault C, Pouthas V (2003) Basal ganglia and supplementary motor area subtend duration perception: an fMRI
study. Neuroimage 19: 1532-1544.
Fuster JM (1973) Unit activity in prefrontal cortex during delayed-response performance: neuronal correlates of transient memory. J Neurophysiol 36: 61-78.
Fuster JM (1989) The prefrontal cortex: anatomy, physiology, and neuropsychology of the frontal lobe. Raven Press,
New York, 255 p.
Fuster JM (1990) Prefrontal cortex and the bridging of temporal gaps in the perception-action cycle. Ann N Y Acad Sci
608: 318-329.
Gehring WJ, Knight RT (2000) Prefrontal-cingulate interactions in human monitoring. Nat Neurosci 3: 516-520.
Gruber O, Kleinschmidt A, Binkofski F, Steinmetz H, von
Cramon DY (2000) Cerebral correlates of working memory for temporal information. Neuroreport 11:
1689-1693.
Halsband U, Ito N, Tanji J, Fruend HJ (1993) The role of
premotor cortex and the supplementary motor cortex in the

338

K. Rubia and A. Smith

temporal control of movement in man. Brain 116:
243-266.
Harrington DL Haaland KY (1999) Neural underpinnings of
temporal processing: a review of focal lesion pharmacological and functional imaging research. Rev Neurosci 10:
91-116.
Harrington DL, Haaland KY, Knight RT (1998) Cortical networks underlying mechanisms of time perception. J
Neurosci 18: 1085-1095.
Inui N, Hatta H (2003) Effect of practice on force control and
timing in bimanual finger tapping. Journal of Movement
Studies 44: 79-91.
Ivry RB, Diener HC (1991) Impaired velocity perception in
patients with lesions of the cerebellum. J Cogn Neurosci 3:
355-366.
Ivry RB, Keele SW (1989) Timing functions of the cerebellum. J Cogn Neurosci 1: 136-152.
Ivry RB, Keele SW, Diener HC (1988) Dissociation of the lateral and medial cerebellum in movement timing and movement execution. Exp Brain Res 73: 167-180.
Ivry RB, Spencer RM, Zelaznik HN, Diedrichsen J (2002)
The cerebellum and event timing. Cerebellum: recent developments in cerebellar research. Ann N Y Acad Sci 978:
302-317.
Jueptner M, Rijntjes M, Weiller C, Faiss JH, Timmann D,
Mueller SP, Diener HC (1995) Localization of a cerebellar
timing process using PET. Neurology 45: 1540-1545.
Kagerer FA, Wittman M, Szelag E, von Steinbüchel N (2002)
Cortical involvement in temporal reproduction: evidence
for differential roles of the hemispheres. Neuropsychologia
40: 357-366.
Kawashima R, Inoue K, Sugiura M, Okada K, Ogawa A,
Fukuda H (1999) A positron emission tomography study
of self-paced finger movements at different frequencies.
Neuroscience 92: 1079-1087.
Kuhs H, Hermann W, Kammer K, Tolle R (1991) Time estimation and the experience of time in endogenous-depression (melancholia) – an experimental investigation.
Pychopathology 24: 7-11.
Lang W, Obrig H, Lindinger G, Cheyne D, Deecke L (1990)
Supplementary motor area activation while tapping bimanually different rhythms in musicians. Exp Brain Res
79: 504-514.
Lange KW, Tucha O, Steup A, Gsell W, Naumann M (1995)
Subjective time estimation in Parkinson’s disease. J Neural
Transm 46: 433-438.
Larsson J, Gulyas B, Roland PE (1996) Cortical representation
of self-paced finger movement. Neuroreport 7: 463-468.
Lejeune H, Maquet P, Pouthas P, Bonnet M, Casini L, Macar
F, Vidal F, Ferrara A, Timsit-Berthier M (1997) Brain activation correlates of synchronization: a PET study.
Neurosci Lett 235: 21-24.
Lewis PA (2002) Finding the timer. Trends Cogn Sci 6:
195-196.

Lewis PA, Miall RC (2002) Brain activity during non-automatic motor production of discrete multi-second intervals.
Neuroreport 13: 1731-1735.
Macar F, Lejeune H, Bonnet M, Ferrara A, Pouthas V, Vidal
F, Maquet P (2002) Activation of the supplementary motor
area and of attentional networks during temporal processing. Exp Brain Res 142: 475-485.
Mangels JA, Ivry RB, Shimizu N (1998) Dissociable contributions of the prefrontal and neocerebellar cortex to time
perception. Cogn Brain Res 7: 15-39.
Manoach DS, Schlaug G, Siewert B, Darby DG, Bly BM,
Benfield A, Edelman RR, Warach S (1997) Prefrontal cortex fMRI signal changes are correlated with working memory load. Neuroreport 8: 545-549.
Maquet P, Lejeune H, Pouthas V, Bonnet M, Casini L, Macar
F, Timsit-Berthier M, Vidal F, Ferrara A, Degueldre C,
Quaglia L, Delfiore G, Luxen A, Woods R, Mazziotta JC,
Comar D (1996) Brain activation induced by estimation of
duration: a PET study. Neuroimage 3: 19-126.
Mathew RJ, Wilson WH, Turkington TG (1998) Cerebellar
activity and disturbed time sense after THC. Brain Res
797: 183-189.
May JG, Williams MC, Dunlap WP (1988) Temporal order
judgements in good and poor readers. Neuropsychologia
26: 917-924.
Mazoyer P, Wicker B, Fonlupt P (2002) A neural network
elicited by parametric manipulation of the attention load.
Neuroreport 13: 2331-2334.
McDonald AW, Cohen JD, Stenger A, Carter CS (2000) Dissociating the role of the dorsolateral prefrontal cortex and
anterior cingulate in cognitive control. Science 288:
1835-1838.
Meck WH (1996) Neuropharmacology of timing and time
perception. Cogn Brain Res 3: 227-242.
Middleton FA, Strick PL (1994) Anatomical evidence for cerebellar and basal ganglia involvement in higher cognitive
function. Science 266: 458-461.
Middleton FA, Strick PL (2000) Basal ganglia and cerebellar
loops: motor and cognitive circuits. Brain Res Rev 31:
236-250.
Mintzer MZ, Stitzer ML (2002) Cognitive impairment in
methadone maintenance patients. Drug Alcohol Dep 67:
41-51.
Mull BR, Seyal M (2001) Transcranial magnetic stimulation
of left prefrontal cortex impairs working memory. Clin
Neurophysiol 112: 1672-1675.
Mundt C, Richter P, van Hees H, Stumpf T (1998) Time-experience and time-estimation in depressive patients.
Nervenarzt 69: 38-45.
Needham EC, Black JW (1970). The relative ability of aphasic persons to judge the duration and intensity of pure
tones. J Speech Hearing Res 13: 715-724.
Nichelli P, Clark K, Hollnagel C, Grafman J (1995) Duration
processing after frontal lobe lesions. Structure and func-

Neural correlates of cognitive time management 339
tions of the prefrontal cortex. Ann N Y Acad Sci 769:
183-190.
Nichelli P, Alway D, Grafman J (1996) Perceptual timing in
cerebellar degeneration. Neuropsychologia 34: 863-871.
Nicolson RI Fawcett AJ, Dean P (1995) Time estimation deficits in developmental dyslexia: evidence of cerebellar involvement. Proc Roy Soc London: Brain Biol Sci 259:
43-47.
O’Boyle DJ, Freeman JS Cody FW (1996) The accuracy and
precision of timing of self-paced repetitive movements in
subjects with Parkinson’s disease. Brain 119: 51-70.
Ortuno F, Ojeda N, Arbizu J, Lopez P, Marti-Climent JM,
Penuelas I, Cervera S (2002) Sustained attention in a
counting task: normal performance and functional
neuroanatomy. Neuroimage 17: 411-420.
Pardo JV, Fox PT, Raichle ME (1991) Localisation of a human system for sustained attention by positron emission
tomography. Nature 349: 61-64.
Parks MH, Morgan VL, Pickens DR, Price RR, Dietrich MS,
Nickel MK, Martin PR (2003) Brain fMRI activation associated with self-paced finger tapping in chronic alcohol-dependent patients. Alcohol Clin Exp Res 27:
704-711.
Pastor MA, Artieda J, Jahanshahi M, Obeso JA (1992) Time
estimation and reproduction is abnormal in Parkinson’s
disease. Brain 115: 211-225.
Pedersen CB, Mirz F, Ovesen T, Ishizu K, Johannsen P,
Madsen S, Gjedde A (2000) Cortical centres underlying
auditory temporal processing in humans: a PET study. Audiology 39: 30-37.
Penhune VB, Zatorre RJ, Evans AC (1998) Cerebellar contributions to motor timing: a PET study of auditory and visual
rhythm reproduction. J Cogn Neurosci 10: 752-765.
Pertovici JN, Scheider G (1994) Time experience in normal
subjects and in brain-damaged patients. Fortsch Neurol
Psych 62: 256-267.
Picard N, Strick PL (1996) Motor areas of the medial wall: a
review of their location and functional activation. Cereb
Cortex 6: 342-353.
Pochon J, Levy R, Poline J, Crozier S, Lehericy S, Pillon B,
Deweer B, Le Bihan D, Dubois B (2001) The role of
dorsolateral prefrontal cortex in the preparation of forthcoming actions: an fMRI study. Cereb Cortex 11: 260-266.
Posner MI, Peterson SE (1990) The attention system of the
human brain. Ann Rev Neurosci 13: 25-42.
Pouthas V, Garnero L, Ferrandez AM, Renault B (2000)
ERPs and PET analysis of time perception: spatial and
temporal brain mapping during visual discrimination
tasks. Hum Brain Mapping 10: 49-60.
Pouthas V, George N, Poline JB, Van de Moorteele PF,
Hugueville L, Pfeuty M, Renault B, LeBihan D (2001)
Modulation of mesial frontocentral cortex activity by duration to be estimated (abstract). J Cogn Neurosci (Suppl.)
120: 142.

Rammsayer TH (1990) Temporal discrimination in schizophrenic and affective disorders: evidence for a dopamine-dependent internal clock. Int J Neurosci 53:
111-120.
Rammsayer TH (1993) On dopaminergic modulation of temporal information processing. Biol Psychol 36: 209-222.
Rammsayer T (1997) Are there dissociable roles of the
mesocortical and mesolimbocortical dopamine systems on
temporal
information
processing
in
humans?
Neuropsychobiology 35: 36-45.
Rammsayer T, Vogel WH (1992) Pharmacological properties
of the internal clock underlying time perception in humans.
Neuropsychobiology 26: 71-80.
Rao SM, Harrington DL, Haaland KY, Bobholz JA, Cox RW,
Binder JR (1997) Distributed neural systems underlying
the timing of movements. J Neurosci 17: 5528-5535.
Rao SM, Mayer AR, Harrington DL (2001) The evolution of
brain activation during temporal processing. Nat Neurosci
4: 317-323.
Riecker A, Wildgruber D, Mathiak K, Grodd W, Ackermann
H (2003) Parametric analysis of rate-dependent
hemodynamic response functions of cortical and
subcortical brain structures during auditorily cued finger
tapping: a fMRI study. Neuroimage 18: 731-739.
Riesen JM, Schnider J (2001) Time estimation in Parkinson’s
disease: normal long duration estimation despite impaired
short duration discrimination. J Neurol 248: 27-35.
Rubia K, Schuri U, Cramon DY, Poeppel E (1997) Time estimation as a neuronal network property: a lesion study.
Neuroreport 8: 1273-1276.
Rubia R, Overmeyer S, Taylor E, Brammer M, Williams S,
Simmons A, Andrew C, Bullmore E (1998) Prefrontal involvement in ‘temporal bridging’ and timing movement.
Neuropsychologia 36: 1283-1293.
Rubia K, Sergeant J, Taylor A, Taylor E (1999a) Synchronization, anticipation and consistency of motor timing in
dimensionally defined children with Attention Deficit Hyperactivity Disorder. Percept Mot Skills 89: 1237-1258.
Rubia K, Overmeyer S, Taylor E, Brammer M, Williams
SCR, Simmons A, Andrew C, Bullmore ET (1999b)
Hypofrontality in Attention Deficit Hyperactivity Disorder during higher order motor control: a study with fMRI.
Am J Psych 156: 891-896.
Rubia K, Overmeyer S, Taylor E, Brammer M, Williams S,
Simmons A, Andrew C, Bullmore E (2000) Functional
frontalisation with age: mapping neurodevelopmental trajectories with fMRI. Neurosci Biobehav Rev 24: 13-19.
Rubia K, Taylor E, Smith A, Oksanen H, Overmeyer S,
Newman S (2001) Neuropsychological analyses of impulsiveness in childhood hyperactivity. Br J Psych 179:
138-143.
Rubia K, Smith A, Noorlos J, Gunning W, Sergeant JA
(2003) Motor timing deficits in community and clinical
boys with hyperactive behaviour: the effect of

340

K. Rubia and A. Smith

Methylphenidate on motor timing. J Abnorm Child
Psychol 7: 301-313.
Schell GR, Strick PL (1984) The origin of thalamic input to
the arcuate premotor and supplementary motor areas. J
Neurosci 4: 539-560.
Schmahmann JD, Pandya DN (1990) Anatomical investigation of projections from thalamus to the posterior parietal
association cortices in rhesus monkey. J Comp Neurol 295:
299-326.
Schubotz RI, Friederici AD, von Cramon YD (2000) Time
perception and motor timing: a common cortical and
subcortical basis revealed by fMRI. Neuroimage 11: 1-12.
Smith A, Lidzba K, Taylor E, Rubia K (2003) A right hemispheric fronto-striatal network for temporal discrimination. Neuroimage 20: 344-350.
Smith AB, Taylor E, Warner Rogers J, Newman S, Rubia K
(2002) Evidence for a pure time perception deficit in children with ADHD. J Child Psychol Psychiatry 43: 529-542.
Solowij N, Stephens RS, Roffman RA, Babor T, Kadden R,
Miller M, Christiansen K, McRee BVendetti J (2002) Cognitive functioning of long-term heavy cannabis users seeking treatment. JAMA 287: 1123-1131.
Sonuga-Barke EJ, Saxton T, Hall M (1998) The role of interval underestimation in hyperactive children’s failure to
suppress responses over time. Behav Brain Res 94: 45-50.
Stevens DA, Stover CE, Backus JT (1970) The hyperkinetic
child: effect of incentives on the speed of rapid tapping. J
Consult Clin Psychol 34: 56-59.
Sylvester CYC, Wager TD, Lacey SC, Hernandez L, Nichols
TE, Smith EE, Jonides J (2003) Switching attention and resolving interference: fMRI measures of executive functions. Neuropsychologia 41: 357-370.
Szelag E, Kanabus M, Kolodziejczyk I, Kowalska J,
Szuchnik J (2004) Individual differences in temporal in-

formation processing in humans. Acta Neurobiol Exp
(Wars) 64: 349-366.
Tallal P, Sainburg RL, Jernigan T (1991) The neuropathology
of developmental dysphasia: Behavioral, morphological
and physiological evidence for a pervasive temporal processing disorder. Reading and Writing 3: 363-377.
Tracy JI, Faro SH, Mohamed FB, Pinsk M, Pinus A (2000)
Functional localization of a ‘Time Keeper’ function separate from attentional resources and task strategy.
Neuroimage 11: 228-242.
Ulferts J, Meyer-Lindenberg A, Gallhofer B (1999) Time discrimination: a comparison between healthy controls unmedicated schizophrenics zotepine-treated schizophrenics and
schizophrenics treated with conventional neuroleptics.
Neuropsychiatry 13: 133-138.
van Veen V, Cohen JD, Botvinick MM, Stenger VA, Carter
CS (2000) Anterior cingulate conflict monitoring and levels of processing. Neuroimage 14: 1302-1308.
Volz HP, Nenadic I, Gaser C, Rammsayer T, Hager F, Sauer
H (2001) Time estimation in schizophrenia: an fMRI study
at adjusted levels of difficulty. Neuroreport 12: 313-316.
Waber DP, Weiler MD, Bellinger DC, Marcus DJ, Forbes
PW, Wypij D, Wolff PH (2000) Diminished motor timing
control in children referred for diagnosis of learning problems. Dev Neuropsychol 17: 181-197.
Zakay D, Block RD (1996) The role of attention in time estimation processes. In: Time Internal Clocks and Movement
(Eds. M.A. Pastor and J. Artieda). Elsevier, Amsterdam, p.
143-163.
Zarahn E, Aguirre G, D’Esposito M (2000) Replication and
further studies of neural mechanisms of spatial mnemonic
processing in humans. Cogn Brain Res 9: 1-17.
Received 12 November 2003, accepted 6 January 2004

