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The neural mechanisms for time measurement are
currently a subject of much debate. This article argues
that our brains can measure time using the same
dorsolateral prefrontal cells that are known to be
involved in working memory. Evidence for this is: (1)
the dorsolateral prefrontal cortex is integral to both
cognitive timing and working memory; (2) both
behavioural processes are modulated by dopamine
and disrupted by manipulation of dopaminergic
projections to the dorsolateral prefrontal cortex; (3)
the neurons in question ramp their activity in a tempo-
rally predictable way during both types of processing;
and (4) this ramping activity is modulated by dopamine.
The dual involvement of these prefrontal neurons in
working memory and cognitive timing supports a view
of the prefrontal cortex as a multipurpose processor
recruited by a wide variety of tasks.

Introduction

Awareness of the passage of time is inextricably inter-
mingled with memory. This is not only true for the remem-
brance of things past. Sometimes we must remember the
beginning of an event to judge its duration but often we
must also remember the time as it passes, and if distracted
we can ‘lose track of time’ and burn the muffins or miss the
train. In this article, we propose that the same neurons
which are used for working memory can also be used to
index the passage of time.

Most models ofhow the brain measures time acknowledge
the link between time and memory. In scalar expectancy
theory [1], a framework which has dominated the field for
almost 30 years, working memory takes the form of an
accumulator process which collects quantized ticks from a
hypothetical neural pacemaker. A more recent model [2], the
multiple time scales (MTS) framework, dispenses with the
pacemaker entirely and proposes that time can be measured
using the decaying strength of memory traces. In this article,
we expand upon this idea by suggesting that continuous,
temporally predictable changesin firing rate could be used to
measure time, and observe that some ofthe prefrontal ‘delay’
cells which are known for their role in working memory
actually behave in this manner during timed intervals.

We propose that this temporally predictable ramping
activity might serve as the timekeeping process during
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cognitively controlled time perception. Our hypothesis is
supported by four crucial points. First, the dorsolateral
prefrontal cortex, where these cells are located, is neces-
sary for cognitively controlled time measurement tasks.
Second, both working memory and cognitively controlled
timing are modulated by dopamine and disrupted by
manipulation of the mesolimbocortical dopamine pathway,
which projects to the dorsolateral prefrontal cortex. Third,
prefrontal neurons have been shown to ramp their activity
in a temporally predictable way during timed intervals,
and fourth, this ramping activity appears to be modulated
by dopamine. We begin with an explicit definition of the
form of time perception under discussion.

What is cognitively controlled timing?

Some timing processes help us to synchronize with our
environment, including circadian and ultradian rhythms,
for which the mechanisms are relatively well understood
[3]. Other forms of time measurement, such as that needed
for the coordination of complex movements, estimation of
how long it takes to perform specific tasks, or prediction of
when the train is about to depart, remain more mysterious.
Because these tasks vary widely, it would be surprising if
they all drew upon the same brain system.

Many researchers have suggested that distinct mechan-
isms exist for the measurement of different temporal dura-
tions [4-8], for motor versus nonmotor timing [9] and, more
recently, for the timing of continuous cyclical versus dis-
crete broken movements [8,10]. Several authors [8,11,12]
have also suggested the existence of distinct mechanisms
for automatic and cognitive forms of timing.

In a recent article [13], we built upon these findings by
proposing that it is not any single characteristic, but rather
a constellation of several characteristics which determines
which timing system is recruited in any particular task. We
tested this proposal using a meta-analysis of the neuroi-
maging literature on time measurement. Although other
task characteristics might also be important, our analysis
was constrained to consider just three: the duration mea-
sured, whether or not the timed intervals were defined by
movement and, whether timing was continuous (e.g. an
unbroken series of predictable intervals) or intermittent
(e.g. broken into discrete measurements by the presence of
unpredictable irregular intervals). Our findings indicated
that tasks involving continuous measurement of a series of
predictable subsecond intervals defined by movement (e.g.
rapid paced finger tapping) tend to recruit primary
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sensorimotor and premotor areas, whereas tasks with
the opposing characteristics tend to recruit right hemi-
spheric prefrontal and parietal cortices (Figure 1). These
results suggest that tasks recruiting only the sensorimotor
system can be performed relatively automatically, whereas
tasks which draw upon multipurpose prefrontal and par-
ietal modules known for their involvement in working
memory and attention might require more cognitive
involvement.

Importantly, our analysis showed that having any two
out of the three characteristics associated with a task type
(cognitive or automatic) dramatically increased the prob-
ability that the areas associated with that timing system
would be recruited. Accordingly, we can think of any task
having two or more cognitive attributes (e.g. measuring
more than a second, discontinuously, and without relying
upon movement) as a ‘cognitively controlled timing task’,
and any task with two or more of the opposing character-
istics as an ‘automatic timing task’. These definitions can
be applied post hoc to any study of time measurement, a
strategy which is useful in determining whether or not the
existing literature supports the cognitive—automatic
framework.

Cognitively controlled timing, right dorsolateral
prefrontal cortex, and memory

Cognitively controlled timing activates the right hemi-
spheric dorsolateral prefrontal cortex (DLPFC) more fre-
quently than any other brain area [13]. The remainder of
this article will focus specifically upon this region and its
role in tracking the passage of time.

Cognitive

Automatic

Figure 1. 3D depiction of the human brain regions associated with cognitively
controlled (red) and automatic (blue) timing systems. These areas, identified in a
meta-analysis of imaging studies [13], were defined for illustration using voxel-
labelled templates in the automatic anatomical labelling atlas [50] and the mri3dX
Brodmann atlas, rendered onto the SPM canonical brain (http://www.fil.ion.ucl.a-
c.uk/spm). Abbreviations: CB, cerebellum; SMA, supplementary motor area; SMC,
sensorymotor cortex; rPPC, right posterior parietal cortex; rDLPFC, right dorso-
lateral prefrontal cortex.
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The right DLPFC corresponds to the middle portion
of middle and superior frontal gyri (e.g. Brodmann areas
9, 9/46 and 46) in humans, and to the region adjacent to the
superior frontal sulcus in macaques [14]. That this part of
the prefrontal cortex is strongly associated with working
memory is evident from numerous studies using targeted
lesions and single unit recording in monkeys, as well as
from patient work and a vast collection of neuroimaging
data [15]. Given the consensus that some form of working
memory is important for timing, it is unsurprising that the
DLPFC is essential to some timing tasks and that cells in
this area exhibit a variety of time-sensitive behaviours
[16]. Support for the right hemispheric lateralization of
the involvement of this region in timing comes from neu-
ropsychological work [17,18], examination of parkinsonian
patients with unilateral deficits influencing the prefrontal
cortex [19], and neuroimaging studies showing activity
here during timing tasks (see Macar et al. [20] and Rubia
and Smith [21] for reviews).

Importantly, right dorsolateral prefrontal activity is
much more common in cognitively controlled timing tasks
than in those classified as automatic [13]. Lesions to this
area have been shown to disrupt cognitive timing [17], and
the differential involvement of the right DLPFC in cogni-
tive and automatic timing has been supported by a recent
transcranial magnetic stimulation study showing
impaired reproduction of suprasecond (more cognitive)
but not subsecond (more automatic) intervals [22]. A par-
allel study showed that repetitive transcranial magnetic
stimulation to the right but not left DLPFC disrupts the
timing of suprasecond durations [23].

Overall, these data suggest that the region of the
DLPFC that is known to be important for working memory
is also essential for cognitively controlled time measure-
ment but with an apparent bias to the right hemisphere.
This area does not appear to be important for more auto-
matic forms of timing.

Working memory and cognitive time measurement
draw upon the same mental resources
Behavioural evidence that working memory and time
measurement draw upon the same cognitive resources
stems from dual-task studies showing interference
between these two types of processing. Both visuospatial
and phonological working memory tasks disrupt timing,
and the extent of such disruption has been shown to
correlate with the extent of working memory load (e.g.
number of items to be remembered, number of syllables
to be rehearsed or degrees of mental rotation) [24]. It is
important to note that these experiments used timing
tasks that would be classified as cognitively controlled.
Turning to pharmacology, manipulations targeting
working memory can also disrupt cognitive timing. For
example, benzodiazepines that influence working memory
impair the processing of suprasecond intervals [6,8,11,25],
whereas timing at the range of milliseconds appears to be
unaffected by these drugs [26]. Similar dissociations have
been shown for drugs thought to influence attentional
processing such as the selective noradrenaline reuptake
inhibitor reboxetene [25]. Rammsayer and co-workers
[8,11,25] have interpreted this as evidence for two distinct
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timing mechanisms: an automatic mechanism for the
measurement of durations in the millisecond range and
a cognitive mechanism, mediated by attention and draw-
ing upon working memory, for the measurement of inter-
vals in the range of seconds. This proposal differs from our
cognitive—automatic framework [13] only in that these
authors regard the timed duration as the prime discrimi-
nant between systems, whereas we propose that a combi-
nation of characteristics determines which system is
recruited. Also, Rammsayer and co-workers investigated
extremely brief intervals (~50 ms) and placed the cut-off
between timing systems at around 500 ms, whereas we
suggest that the critical value is closer to 1 s. Irrespective
of these minor differences, both frameworks agree that
separate systems exist for different types of time measure-
ment and that at least one of these systems draws upon
cognitive processors in the prefrontal cortex, with those
regions known to be involved in working memory as prime
candidates.

Dopamine, DLPFC, time, and memory

Additional evidence linking time perception to working
memory stems from the observation that both are modu-
lated by dopamine, a neurotransmitter which regulates
activity throughout much of the brain, including the pre-
frontal cortex. The influence of prefrontal dopaminergic
projections upon working memory is well documented [27].
Both increases in prefrontal dopamine and application of
dopamine antagonists have been shown to disrupt this
process [28], suggesting that deviation from an optimal
level is detrimental to performance. Additionally, prefron-
tal dopamine levels increase during working memory tasks
[29] and recording studies have demonstrated dopaminer-
gic modulation of the layer III pyramidal cells associated
with maintenance of information in working memory [30]
(e.g. ‘delay’ neurons [28]). The importance of dopamine for
temporal processing is also well established. A comprehen-
sive review of work in nonhumans [31] argues that increas-
ing levels of dopamine leads to a speeding up of subjective
time. By contrast, decreasing dopamine leads to a slowing
of subjective time [18]. In humans, both control subjects [8]
and parkinsonian patients [4,19] have demonstrated a
strong dopaminergic influence upon temporal processing,
although it has been difficult to replicate the precise effects
seen in the animal data [32].

Because the basal ganglia are heavily innervated by
dopamine, and because their function is severely disrupted
in Parkinson’s disease, the influence of dopamine on sub-
jective time measurement has typically been interpreted
as support for the central role of these structures in timing.
However, in addition to the mesostriatal dopaminergic
pathway projecting from the substantia nigra to the stria-
tum, the dopaminergic system includes a mesocortical
pathway with projections from the ventral tegmental area
to the prefrontal cortex. This provides a direct route by
which dopaminergic inputs might act upon the prefrontal
cortex to influence time perception [8,11,33,34]. The sug-
gestion that mesocortical dopamine might influence cog-
nitive time perception is informed not only by the
anatomical overlap between the prefrontal regions inner-
vated by this pathway and those known to be involved in
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time measurement, but also by the observation that
parkinsonian patients experience more severe deficits in
temporal processing in the late stages of the disease, when
cells in the ventral tegmental area have been destroyed
[35,36]. The recent demonstration of temporal deficits in
several other dopaminergic disorders involving the pre-
frontal cortex, such as Huntington’s disease [37], schizo-
phrenia [38], and attention deficit hyperactivity disorder
[39], are also in line with this view.

Pharmacological studies provide further evidence for
the involvement of mesolimbic dopamine in cognitive tim-
ing. In a series of targeted investigations, Rammsayer and
co-workers capitalized upon the differential influences of
various dopamine antagonists upon mesostriatal and
mesocortical pathways to determine the relative impor-
tance of each for different forms of time perception. They
found that remoxipride, an atypical neuroleptic agent
which blocks dopamine D2 receptors in the mesocortical
system but not in the mesostriatal system, disrupts com-
parison of durations in the seconds range, without affecting
comparisons of durations in the range of milliseconds, or
movement timing [11]. The same study showed that halo-
peridol, which blocks D2 receptors in both systems, impairs
the timing of both short and long duration processing and
also interferes with movement timing. In conjunction with
the results from studies with benzodiazepines and nora-
drenergic blockers discussed above [6,8,11,25], these data
support the role of mesocortical dopamine in a cognitive
timing system which draws upon working memory and
attention, and of mesostriatal dopamine in both this cog-
nitive system and a more automatic timing process
[8,11,25]. Recent work with deep brain stimulation in
the subthalamus has also supported a role for the mesos-
triatal dopaminergic system in cognitively controlled tim-
ing [40], with the suggestion that the observed effects
might be mediated by striatocortical projections. This
raises the possibility that the mesostriatal dopaminergic
pathway influences cognitive timing via striatocortical
projections, whereas mesostriatal influences on automatic
timing are mediated in some other fashion — a proposal
which could reconcile the broad literature on dopaminergic
influences on timing with the evidence that prefrontal
involvement is specific to cognitive timing. This possibility
is also in good keeping with our suggestion that dopami-
nergic influences on cognitively controlled timing stem
from the influence of this transmitter on pyramidal cells
of the DLPFC because this region receives numerous
striatocortical projections (Figure 2).

Overall, the data on dopamine suggest a selective influ-
ence of prefrontal dopamine on more cognitive timing
tasks, thus implying that this form of timing might be
mediated via the same dopamine-sensitive processors as
working memory.

Time measurement and memory decay traces

The proposal of time measurement as a continuous process
suggests that, rather than using a discrete ticking clock, we
use something akin to a continuously fading memory trace
of neuronal activity to track the passage of time. This idea
was initially suggested at a theoretical level in the form of
the MTS model [2]. This model proposes that forgetting
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Figure 2. 3D depiction of a human brain which has been sliced to reveal the
midbrain. The mesostriatal dopaminergic pathway, which projects from the
substantia niagra pars compacta to the striatum, is depicted in bright yellow, with
the caudate (one of the basal ganglia) shown in paler yellow. The mesocortical
dopaminergic pathway, which projects from the ventral tegmental area to the
cortex (particularly the frontal lobes), is represented in bright red, with the rDLPFC
shown in darker red. These areas were defined using voxel-labelled templates
derived from the mri3dX Brodmann atlas and rendered onto the SPM canonical
brain. Abbreviations: DA, dopaminergic pathway; rDLPFC, right dorsolateral
prefrontal cortex.

occurs along a predictable time course, which can be
described as a sum of exponential curves [41]
(Figure 3a), so the strength of a memory could be used
to determine how much time has passed since it was
formed. The MTS model involves several mathematical
constraints that are not easily matched by individual
prefrontal neurons, such as the requirement for logarith-
mic decay, and precise details of how the level of starting
activity is stored and compared with the level of activity
later in an interval. Nevertheless, a looser interpretation of
the memory decay idea, in which the memory is held within
a population of cells (Figure 3c), provides a compellingly
parsimonious framework that can predict the fundamental
psychophysical properties of interval timing (e.g. scalar
timing and bisection at the geometric mean) [2,42].

The physiological feasibility of time measurement using
a continuously decaying (or increasing) signal has become
apparent as specific populations of cells behaving in this
way during timing have been identified [34,43,44]. For
instance, cells in the macaque prefrontal cortex have been
shown to ‘ramp’ their activities in a predictable way during
temporal comparison [45], and similar activities have been
observed in rats during temporal production [43]. These
firing patterns are highly reminiscent of the increases of
firing rates (‘delay activity’) which occur when information
is held online [46], and which are thought to serve as a
basis for working memory (Figure 3b,c). Neuroimaging
work in humans also supports this hypothesis; a recent
study showed that functional magnetic resonance imaging
signal in the DLPFC varies with the duration being mea-
sured [47]. Interestingly, some subregions of the DLPFC
increased their average activity as the presented interval
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Figure 3. Memory for time. (a) Illustration of how ‘forgetting curves’ could be used
to measure time under the MTS model. Three overlapping memory traces are
shown for three intervals, all decaying along a predictable trajectory, such that
measurements of strength at any given point can be used to determine how much
time has passed. A threshold (horizontal line) with associated noise is assumed to
trigger output from the system. The scalar property of timing arises naturally from
this construct because a fixed uncertainty window in the memory strength (I) leads
to variance in estimated duration (Il), and the three curves have equal proportional
variance. Modified, with permission, from Ref. [51]. (b) The activity of a monkey
prefrontal neurone during the delay interval (A2) between presentation of tones
and colours. The activity decays smoothly. Modified, with permission, from Ref.
[46]. (c,d) Population data for similar prefrontal cells [46] showing decay (c) or
ramping activity (d) across the 12-s delay interval.

increased, whereas other subregions decreased their
activity, supporting the idea that both increasing and
decaying activity could serve as a measure of time.
Surprisingly, these correlations were observed in the
left rather than the right hemisphere and were found
in different locations during encoding and retrieval.



Concluding remarks: can time be measured using the
same neural machinery as working memory?

We have outlined a substantial body of evidence suggesting
that both cognitive time measurement and working mem-
ory rely upon the right hemispheric DLPFC. Dual-task
interference suggests that both forms of computation place
demands upon the same cognitive processing units. Both
processes are influenced by dopamine, a neuromodulator
known to effect function in this region, and we have argued
that both types of processing might even draw upon the
same cell population in this region — the dopamine-
sensitive layer III pyramidal delay neurons.

The importance of memory for time perception is widely
acknowledged. However, a traditional perspective has
been to suppose that working memory is used in time
perception — for instance, in the manner of an accumulator
process keeping track of the ticks from a neural oscillator
as proposed by the scalar expectancy theory model. In this
article, we have drawn upon concepts from the newer MTS
model to suggest that, instead of merely keeping track of
the progress of a separate time keeper, these working
memory processes might actually constitute the time-
dependent process itself. This formulation can be taken
one step further by proposing that the prefrontal time
keeper function does not rely upon working memory per
se but instead simply draws upon the same neural proces-
sors as working memory. Thus, the same regions — and
potentially even the same cells — that are involved in
working memory can be thought of as serving a distinct
function when they are used for time measurement.

Our suggestion that the prefrontal processing units
used in working memory can also be used to measure time
is in keeping with the adaptive coding hypothesis [48],
which proposes the prefrontal cortex as a multipurpose
processor recruited for a wide variety of functions. This
hypothesis explains why the same prefrontal regions are
involved in so many cognitive tasks, including working
memory, word generation, divided visual attention, pro-
blem solving, response suppression and cognitive time
perception. A conceptually similar framework suggests
that the parietal cortex might provide multipurpose calcu-
lations of magnitude [49], thus explaining its involvement
in diverse tasks, including perception of size, number, and
intensity, distance, as well as time. Taken together, the
proposals of adaptive coding in the prefrontal cortex, and of
generalized magnitude calculation in the parietal cortex,
represent a move away from functional modularity and
towards a more flexible and integrative view of the brain.

Although this article focuses on the right DLPFC, sev-
eral other regions have consistently been shown to be
important for cognitively controlled time measurement.
Although the right DLPFC might serve as the time-
dependent process within cognitively controlled timing
tasks, this does not preclude the involvement of areas such
as insula—operculum, basal ganglia, supplementary motor
area and cerebellum in this and other forms of timing.
These regions might work in conjunction with the right
DLPFC or form alternate timing systems recruited in
parallel with it. Because ramping neural activity is fairly
common throughout the prefrontal cortex, it is also
possible that timing activities in other parts of the
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Box 1. Questions for further research

e Does concurrent performance of a working memory task disrupt
automatic timing? How does this differ from the influence of
identical tasks upon cognitively controlled timing?

Do drugs like haloperidol and remoxipride (which antagonize the

dopaminergic system), benzodiazepines (which influence working

memory) and reboxetine (which influences attentional proces-
sion) show differential effects upon cognitive and automatic
timing tasks?

What is the relative importance of specific task characteristics (e.g.

duration timed, continuousness of timing and involvement of

movement in timing) for dissociation between cognitive and
automatic timing via dual tasks and drugs (see above)?

e Are other task characteristics important for dissociating between
cognitive and automatic timing?

e How does dopamine influence the pattern of ramping activity in
dorsolateral layer Il pyramidal cells during timing tasks? Is there a
clear relationship between such influence and the observed
behavioural effects?

e Can perturbation of the ramping activity in the right DLPFC

(perhaps by microstimulation) influence the perceived duration of

a stimulus?

Might ramping activity in other areas [e.g. supplementary motor

area (SMA) or pre-SMA and premotor cortex] underpin automatic

timing?

prefrontal lobe might rely upon a similar mechanism. More
research is needed both to test this proposed mechanism
and to explore the roles of these other regions in timing
(Box 1).
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