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Distortions in time perception and timed performance are presented by a number of different neurological and psychiatric
conditions (e.g. Parkinson’s disease, schizophrenia, attention deficit hyperactivity disorder and autism). As a consequence,
the primary focus of this review is on factors that define or produce systematic changes in the attention, clock, memory and
decision stages of temporal processing as originally defined by Scalar Expectancy Theory. These findings are used to evaluate
the Striatal Beat Frequency Theory, which is a neurobiological model of interval timing based upon the coincidence detection of
oscillatory processes in corticostriatal circuits that can be mapped onto the stages of information processing proposed by Scalar

Timing Theory.
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Introduction

Our subjective sense of time is fundamental to our psychology and
conceptions of reality, and is part of the intellectual structure by
which we make sense of the temporal course of events in our
lives. Pathophysiological distortions in human timing and time per-
ception are of interest to both basic and clinical researchers for
several reasons. Basic scientists attempting to delineate the psy-
chological mechanisms mediating ‘normal’ timing in the seconds-
to-minutes range are particularly interested in patients who have
a known neuropathology that mirrors certain pharmacological
and neurological manipulations in laboratory animals (e.g. im-
paired basal ganglia function and altered levels of the brain neuro-
transmitter dopamine, as in Parkinson's disease—see Meck, 1996,
2005, 2006a, b; Buhusi and Meck, 2005; Merchant et al., 2008a;

Zarco et al., 2009; Coull et al., 2011), in the expectation that
human neurobiological mechanisms of timing might be better elu-
cidated. To this end, we will discuss how reported pathophysio-
logical findings may inform the development of neurobiological
models of interval timing (Matell and Meck, 2000, 2004; Matell
et al., 2003, 2011; Meck et al., 2008). From a clinical perspective,
examinations of timing ability in patients with certain psychiatric or
behavioural disorders—particularly those that are (at least in part)
defined by characteristic changes in the apparent temporal organ-
ization of cognition or behaviour [e.g. attention-deficit hyperactiv-
ity disorder (ADHD), autism and schizophrenia]l—may help to
ameliorate understanding of the psychological experience of
these disorders and their potential remediation. In this regard,
we will discuss how pathophysiological distortions in timing and
time perception in the seconds-to-minutes range may improve our
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Pathophysiological distortions in time perception

understanding of certain psychiatric, developmental and childhood
disorders, as well as behavioural and cognitive tendencies (e.g.
impulsivity). It is useful to bear in mind that there is no human
clinical condition that can be defined solely as a disorder of timing
and time perception per se (in fact, a complete inability to esti-
mate time is likely incompatible with life). However, distortions
and perturbations in timing ability are present, to varying degrees,
in many patient populations, and may or may not accompany
differences in other aspects of sensory processing, as well as de-
velopmental, cognitive and behavioural profiles (Meck and
Williams, 1997a, b; Brannon et al., 2004, 2008; Balci et al.,
2009; Allman, 2011; Allman et al., 2011b).

It appears that when humans and other animals 'know in ad-
vance' that they are required to time something (prospective
timing), they are sensitive to and can remember the temporal as-
pects of and between events (e.g. how ‘long’ a stimulus is present,
and the time ‘between’ its successive presentations), and can util-
ize temporal knowledge to mediate their expectations and behav-
iour (learning and conditioning). In addition to these qualities,
humans are also ordinarily able to discriminate ‘time after the
fact' (e.g. they can estimate how ‘long’ an event lasted even
though explicit timing was not required during the event itself;
i.e. retrospective timing), can orient themselves in time and have
a sense of past, present and future (temporal perspective). The
emphasis of this review is to report those findings characterized
from an information processing approach (developed in animal
models), which is grounded within the study of the relative simi-
larities (and phylogenic generality) to human timing, but which
was not specifically designed to account for retrospective timing
or temporal perspective taking; which typically requires higher
order processes involving a concept of temporal order, including
an understanding of past, present and future (Roberts, 2002;
Block, 2003; Grondin, 2010; Piras and Coull, 2011). Our rationale
is that using this information processing approach is, among
other things, particularly informative with regard to pinpointing
‘where' any differences in timing ability reside (rather than just
revealing ‘what’ the differences are), which in turn facilitates a
better understanding of diagnosing the likely psychological
and neurobiological processes that are responsible for producing
individual differences and/or pathophysiological distortions of
time—accordingly, interval-timing models have been accredited
as being the most successful in the whole of psychology in this
regard (Wearden, 2001). Hence the findings highlighted in this
review should not be considered a complete account of all patho-
physiological timing distortions (and due to the fact that motor
programme and interval-timing mechanisms are frequently posited
to have a separable neural basis, we avoid studies employing
tasks in which these processes cannot be easily separated)
(Madison, 2001; Spencer et al., 2003; Gooch et al., 2007,
Levit-Binnun et al., 2007; Bueti et al., 2008). Nevertheless, to-
wards the end of this review, we will extend our discussion of
pathophysiological differences to include other aspects of timing
(particularly temporal processing of sensory information and
temporal perspective taking), as it seems likely that a primitive
sensitivity to duration (and ‘sister’ abilities such as simultaneity
and temporal order) may form at least part of the basis for suc-
cessful development and maintenance of ‘normal’ higher order
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notions of time and temporality (Fraisse, 1982). In fact, from a
developmental perspective, a sensitivity to perceive and respond
to duration might be inextricably linked to the development and
maintenance of ‘higher order' processes that are defined by a
temporal dimension i.e. planning, attention and working memory
(Lustig et al., 2005; Allman and DelLeon, 2009; Grondin, 2010;
Allman, 2011) and even theory of mind (Baron-Cohen, 2001;
Nelson, 2001; Nelson et al., 2003).

Before reviewing pathophysiological findings per se, we consider
it useful to couch our forthcoming discussion with a brief descrip-
tion of the background theoretical framework and methodology
that is heavily recruited throughout this review. This preamble
seeks to ‘set the context’ for how pathophysiological findings
might be evaluated and interpreted.

An information processing
model of interval timing

Perhaps one of the most perplexing issues surrounding our sub-
jective experience of time is that there is no dedicated sense organ
for duration, as there is for other senses (yet time is commonly
referred to as being perceived). Usually, investigators of sensory
perception adopt a psychophysical approach that can be defined
as an attempt to quantify the sensory response to physical stimuli
(see Gescheider, 1997, for a complete review) and this approach
has also been applied to the study of time. Despite the fact that
time is not a stimulus in the usual sense of the term, the experi-
ence of duration in the seconds-to-minutes range has accordingly
been found to share many properties and follow the same math-
ematical rules and principles as perception by other senses such as
hearing and vision (Gibbon, 1991; Gibbon et al., 1997; Eisler
et al., 2008; Merchant et al., 2008b; Lejeune and Wearden,
2009; Grondin, 2010; Coull et al., 2011). For instance, we can
say that the perception of a difference between (the brightness of)
two lights is subliminal (meaning that we cannot perceive the
difference) and vision researchers can identify some difference
threshold that needs to be exceeded for the discrimination to be
made (known as the difference limen; hence sublimen in the
former case). Moreover, this perception can be influenced (or
changed) by a variety of stimulus and contextual conditions (e.g.
it is harder to detect the difference of one extra ‘notch’ of bright-
ness if the bulbs are bright than if they are dim)—as is the case for
the experience of time (e.g. a discrimination between 1 versus 3,
is easier than 61 versus 63s). Two fundamental properties of
‘normal’ perception have emerged (e.g. for both vision and
time, and for timing in humans and other animals): the intensity
of the internal perception (sensation) is linearly related to the mag-
nitude of external stimulation (i.e. an objectively longer duration
is subjectively perceived as longer); and increases in the magni-
tude of a physical stimulus produce proportional increases
in the variance of the perception (i.e. timing of a longer duration
is less precise), which is referred to as scalar variability or
Weber's law (Allan, 1991; Lejeune and Wearden, 2006; Zarco
et al., 2009). Therefore, any successful conceptual model of inter-
val timing should be capable of accommodating these striking
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regularities, and other characteristic features [e.g. a given duration
is typically perceived as ‘longer’ if it is an auditory compared to
visual stimulus, (Goldstone and Lhamon, 1974; Penney et al.,
1998, 2000)] and be applicable to methods that enable these
properties to be assessed (some of these methods are described
below).

Arguably the most influential timing theory, Scalar Expectancy
Theory—also referred to as Scalar Timing Theory—divides the
temporal processing system into clock, memory and decision
stages, as illustrated in Fig. 1 (Gibbon et al., 1984; Meck, 1984;
Matell and Meck, 2000). Essentially, it is assumed that, during the
onset of a ‘to-be-timed' signal, a switch (controlled by attention)
closes and allows pacemaker pulses (or ‘clock ticks’) to be col-
lected into an accumulator; this pacemaker-switch-accumulator is
the ‘perceptual’ (or ‘clock’) component of the system. If after
some time (and hence, arbitrary number of accumulated pulses),
the corresponding signal duration acquires some added signifi-
cance (e.g. it is followed by the delivery of feedback or indicates
some other change in the environment), the contents of the
accumulator (held to represent the experienced duration) are
transferred from working memory to reference memory for
long-term storage. The idea is that when the duration is presented
(or experienced) again on another trial, a ratio—decision rule op-
erates if the current contents of the accumulator reach or exceed
some threshold of similarity to a randomly selected reference
memory of the given duration. Scalar Expectancy Theory holds
that reference memory contains a distribution of stored accumu-
lator values or clock readings, and that this distribution is the
source of scalar variability (Gibbon and Church, 1984, 1992,
Penney et al., 1998, 2000). According to this account, individual
and pathophysiological differences in timing and time perception
might be attributable to alterations in the function of attention
(e.g. time sharing), clock (e.g. pacemaker speed), memory (e.g.
encoding and decoding) or decision (e.g. response rule or bias)
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stages of the system (Meck, 2001, 2006a, b, c; Buhusi and
Meck, 2009a, b). To these ends, quantitative models that attempt
to simulate aspects of human performance on interval-timing tasks
within the conceptual framework of Scalar Expectancy Theory
have been developed (for a review see Rakitin et al., 1998;
Allan and Gerhardt, 2001; Wearden, 2003). During this additional
form of analysis, acquired data can be simulated through com-
puter models and the 'best fit' produces various parameters that
represent functioning of different aspects of the timing system.
Although the scalar property of interval timing could reside at
either the clock or memory stage, in Scalar Expectancy Theory
the duration is usually assumed to be timed without error (clock
stage) with scalar variability attributed to variability in transferring/
encoding the clock reading into reference memory (memory
stage). Although Scalar Expectancy Theory does allow for variation
in clock speed (which could produce the scalar property), infer-
ences about ‘what’ is responsible for producing differences in
timing are usually discussed in terms of the quality and extent
of variation (or ‘fuzziness') in reference memory (e.g. whether
the duration is stored as proportionally shorter or longer than it
actually is), or some form of response bias (Wearden, 2001). In
humans and other animals, targeted manipulations designed to
affect the relative function of the clock, memory and decision
stages described by Scalar Expectancy Theory are interpretable
by their characteristic effects on the patterns of variability
observed in the obtained timing functions (Meck, 1983; Meck
et al., 1985; Matell and Meck, 2000; Buhusi and Meck, 2005;
Wearden and Lejeune, 2008).

Psychophysical methods

It was the instrumental responding initially demonstrated by rats
and pigeons trained on fixed-interval schedules of reinforcement
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Figure 1 The information processing model of interval timing as specified by scalar expectancy theory. Adapted from Gibbon et al.

(1984).
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[i.e. the first response after a stimulus has been presented for 10s
produces food (Ferster and Skinner, 1957)], coupled with findings
from Pavlovian conditioning (Pavlov, 1927) in which animals learn
to associate an initially neutral stimulus with the presentation of a
biologically pre-potent stimulus (e.g. a light flashes and food is
delivered 10s later) that pioneered the study of interval timing
in animals. Since the advent of the field of timing and time per-
ception as we know it today (see Gibbon, 1991; Allan, 1998;
Wearden, 2005, for historical overviews), the experience of dur-
ation has been studied under a wide range and variety of stimulus
and contextual factors, some of which have been studied in cer-
tain patient (or at-risk) populations. At the generic level, these
procedures can be defined as those that pertain to the study of
time perception (a response or temporal judgement ‘is not'
required to be accurately timed), such as temporal bisection and
ordinality-comparison procedures. Or they can measure timed
performance (a response or temporal judgement ‘is’ required
to be accurately timed), such as peak-interval and temporal
production/reproduction procedures (see Allan, 1979; Paule
et al. 1999; Church, 2003 for descriptions of standard interval-
timing procedures).

Temporal bisection and ordinality
comparison

In the temporal bisection procedure, a participant is typically
trained (with feedback to satisfy some acquisition criterion) to dis-
criminate between two standard ‘anchor’ durations that are sig-
nalled by serial (auditory or visual) presentations of the same
physical stimulus (e.g. a blue circle) that appears on separate
trials for each of the two anchor durations; and is required to
classify a temporal judgement as either ‘short’ or ‘long’, by select-
ing between two different response options (e.g. two different
buttons or keys). Following this, participants are then presented
with a new set of stimulus durations that are intermediate to (in
between) the two anchor durations, and are required to make a
judgement about a given duration’s ‘similarity’ to the ‘short’ or
‘long’ anchor. Typically, during the so-called ordinality-comparison
procedure, there are no pre-trained standards, but rather a pair of
stimulus durations is presented in close succession to one another
on the same trial, and the second duration is judged relative to the
first. Regardless of the timing procedure used, it is the proportion
of 'long(er)’ responses (often denoted as '‘pLong’) for each signal
duration (when plotted), which constitutes a psychometric timing
function (usually sigmoid curves). Changes in accuracy and preci-
sion can be inferred from the horizontal placement and slope of
the timing functions, respectively (Meck, 1983).

In temporal bisection, the duration that produces 50% ‘pLong’
responses (when the participant is equally likely to classify the
duration as ‘short’ or ‘long’) is known as the bisection point or
point of subjective equality and in humans and other animals, the
point of subjective equality is usually located near the geometric
mean of the two anchor durations (Church and Deluty, 1977;
Allan and Gibbon, 1991; Wearden and Bray, 2001); temporal vari-
ability is indexed by the difference limen (half of the difference
between 75% and 25% ‘pLong’ divided by the point of subjective
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equality); and sensitivity by the Weber ratio to assess scalar timing
(difference limen divided by the point of subjective equality). As
Weber ratio values are thus normalized, temporal sensitivity across
a range of duration pairs can be reliably compared. The scalar
property can also be assessed by plotting the psychometric func-
tion obtained with two different duration ranges on the same
relative time scale; in fact, they are most often found to superim-
pose (so it looks as though only one function is present—Church
et al., 1994; Rakitin et al, 1998).

Peak-interval procedure and temporal
reproduction

During the standard peak-interval procedure, a single ‘target’ dur-
ation is repeatedly presented. Subsequently, participants are
required to centre a series of responses (e.g. space bar presses)
around the time that corresponds to the ‘target’ duration or
‘window of opportunity’ (Malapani et al., 1998; Rakitin et al.,
1998). On a temporal reproduction task, the participant is typically
required to make some form of response that is equivalent in
duration to the target duration (Fortin et al., 2009). Across both
timing procedures, averaging across trials typically produces a
Gaussian-shaped response function. Accuracy is reflected by the
location of the peak of the response distribution, and precision is
reflected by the spread of the function. Scalar variability is indexed
by the coefficient of variation (CV), which is the standard devi-
ation (spread) divided by the mean (peak time).

Timescale invariance as revealed by
psychophysical timing procedures:
scalar property and superimposition

Scalar Expectancy Theory (Gibbon, 1977; also known as Scalar
Timing Theory—Gibbon et al., 1984; Church, 2003) posits that
the temporal control of behaviour is directly related to estimates
of the target duration. These estimates are essentially scale trans-
forms of a ‘unit timer’ appropriate to the estimation of one unit of
time. Although subjects may differ substantially in the accuracy
and precision of their temporal estimates, their timing is similar
in that: changes in the value of the time being estimated lead
to a simple scale transform of the unit timer. Gibbon (1977) pro-
posed a specific translation mechanism that reflects expectancies
of reinforcement or feedback based upon scalar time estimates of
when these events are due. Responding in simple timed-based
schedules of reinforcement (e.g. peak-interval procedure) is
viewed as resulting from discrimination between the current or
local expectancy of feedback and the overall expectancy of feed-
back. Thus the Scalar Expectancy Theory is properly described as a
discrimination or threshold theory of temporal control. As indi-
cated by Gibbon (1977, p. 281), ‘the core of the scalar-timing
hypothesis is that variance of time estimates increases with the
square of the mean, and accordingly, the account focuses on
the first two moments of distributional phenomena’. Moreover,
in scalar timing, the mean and standard deviation are both
proportional to the interval being timed so that the coefficient
of variation is held constant across a range of durations
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(Gibbon et al., 1997—but also see Lewis and Miall, 2009). As
further indicated by Gibbon (1977, p. 301), Weber's law in a
psychophysical context is typically characterized as constant dis-
criminability with a constant ratio of an increment in stimulation to
a standard stimulus. The result is that the psychometric functions
relating discriminability to the different target durations being
compared should superimpose when plotted as a function of the
ratio of the stimulus values. As a consequence, Weber's law re-
quires both a ratio comparison and the scalar assumption in order
to produce the superimposition of different target duration when
plotted on a relative time scale—referred to as timescale invariance
(Church, 2003; Almeida and Ledberg, 2010). As such, violations of
the scalar property of interval timing may be considered a diag-
nostic test of the source of pathophysiological distortions in timing
and temporal memory (Malapani et al., 1998; Meck, 2002b,
2005; Meck and Malapani, 2004; Cheng and Meck, 20074,
Buhusi et al., 2009).

Use of psychophysical timing
procedures for isolating changes in
clock speed and memory storage

Interval timing has been hypothesized to rely on an optimal level
of dopaminergic activity in corticostriatal circuits modulated by
serotonin and glutamate activity (Cheng et al., 2006, 2007a, b,
¢; Williamson et al., 2008; Coull et al., 2011). To date, a broad
array of studies have shown that systemic injections of drugs that
are believed to promote dopaminergic function (e.g. metham-
phetamine, cocaine and nicotine) produce horizontal leftward
shifts in the psychophysical functions relating the probability of a
response to signal duration [i.e. on perception tasks, a relatively
shorter intermediate duration in a set has an increased tendency to
be classified as ‘long’, and on performance tasks, a given duration
tends to be under (re)produced (Meck, 1996; Coull, 2011)].
Psychopharmacological data from temporal bisection and peak-
interval timing procedures typically utilize a ‘train-test’ paradigm.
This paradigm serves as a powerful tool for studying the adjust-
ment to the acute and chronic effects of a drug and its discon-
tinuation (Meck, 1996). For example, rats trained on a bisection
procedure following saline injections can be evaluated for the
acute effects of methamphetamine on timing during randomly
selected test sessions for which they are administered meth-
amphetamine rather than saline. Under these conditions, metham-
phetamine typically produces an immediate, proportional leftward
shift in the timing function(s) when responses controlled by time
are separated from those responses that are not controlled by time
(Meck, 1983; Cheng et al., 2007b). This leftward shift typically
adjusts with continued training such that the drug and saline func-
tions appear identical, although the drug continues to be admin-
istered. Dissociations can be demonstrated, however, when the
drug administration prior to a session is discontinued and saline
is administered instead. Under these conditions, an immediate
rightward shift is observed of approximately the same magnitude
as the original leftward shift. This horizontal shift also adjusts with
continued training under saline and the subject's psychophysical
functions return to normal. In contrast, subjects who acquire the
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initial temporal discrimination under the influence of the drug (e.g.
methamphetamine or cocaine) may demonstrate effects on the
rate of acquisition, but at steady-state performance do not
appear any different from subjects that have acquired the discrim-
ination following saline injections. When this chronic metham-
phetamine treatment is discontinued, however, an immediate
rightward shift is observed that is proportional to the durations
being timed (Meck, 1983, 1996). Taken together, these patterns
of train/test drug administration under which subjects are either (i)
trained under saline control conditions and later tested for the
acute effects of the drug and its subsequent removal; or (ii) are
trained under chronic drug treatment and are later tested for the
acute effects of withdrawal, provide an unique opportunity for
separating non-associative mechanisms of sensitization and toler-
ance from the associative mechanisms of learning and memory on
timing and time perception (Buhusi and Meck, 2005; Williamson,
2008; Coull et al., 2011).

In a complementary fashion, a parallel series of studies have
shown that systemic injections of drugs that are believed to inhibit
dopaminergic function (e.g. cholecystokinin octapeptide, haloperi-
dol, pimoside and raclopride) produce horizontal rightward shifts
in psychophysical functions relating the probability of a response
to signal duration [i.e. on perception tasks, intermediate longer
durations in a set are less likely to be classified as ‘long’, and on
performance tasks, a given duration tends to be over (re)produced
(Meck, 1986, 1996, 2006a; MacDonald and Meck, 2004, 2005,
2006)]. This pattern of observed horizontal shifts is consistent with
the idea that the speed of an internal clock is regulated by the
‘effective’ level of dopamine, with proportional leftward shifts in-
dicative of an increase in clock speed (so the criterion amount of
‘clock ticks’ are accumulated faster) and proportional rightward
shifts indicative of a decrease in clock speed [the required
amount of ‘ticks’ are accumulated more slowly (Meck, 1996;
Buhusi and Meck, 2002; Coull et al., 2011)]. In addition to speed-
ing up or slowing down, subjective time can stop and cease to
exist all together, such as when people experience feelings of
being in the ‘zone’. In these instances, a person is highly focused
on an internal context that is separate from the external reality.
The exclusion of the extraneous world typically is not ‘all or none’,
but is filtered according to the context. Yoga, Tai Chi and other
forms of meditation seem to produce a similar experience in which
subjective time ceases or stands still. Indeed, meditation uses the
same technique of hyperfocusing on a single stimulus (mantra)
while ignoring the outside world and ‘being at one with things'
is a typical description of the situation. A parallel situation seems
to occur in crises or threatening situations that provoke fear and
anxiety (Meck and MacDonald, 2007). It is not only targeted
pharmacological manipulations to the clock stage of the Scalar
Expectancy Theory system that can produce left- and rightward
shifts in the timing function, other studies have shown a different
pattern of horizontal shifts in timing functions following
pharmacological-induced changes posited to affect the memory
stage in Scalar Expectancy Theory. Such changes in temporal
memory involve gradual rather than abrupt changes in the hori-
zontal placement of timing functions. These gradual horizontal
shifts are typically produced by cholinergic drugs (e.g. anticholi-
nesterases such as physostigmine produce proportional leftward
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shifts, and acetylcholine receptor antagonists such as atropine pro-
duce proportional rightward shifts). The major feature of the hori-
zontal shifts associated with changes in temporal memory is that
they fail to re-normalize with continued training under the drug
and only gradually normalize once the drug treatment is discon-
tinued (Meck, 1983, 1996, 2002a, b, 2006c; Buhusi and Meck,
2005; Coull et al., 2011).

Populations that reveal patho-
physiological differences in
interval timing

We begin our review of pathophysiological differences with those
clinical populations, e.g. patients with damage to the basal gang-
lia, who have known pathophysiological alterations in brain anat-
omy or neurochemistry localized in brain areas recently implicated
in ‘normal’ human and animal studies of interval timing (for re-
views, see Meck and Benson, 2002; Meck, 2005; Meck et al.,
2008; Coull et al., 2011). Following from this, we review patho-
physiological differences in timing and time perception in other
disorders (e.g. autism, depression and schizophrenia) whose
neurobiology is not so clear-cut.

Parkinson's disease

Parkinson's disease is characterized by atrophy of the substantia
nigra and a depletion of dopamine releasing neurons that project
to the caudate—putamen, and is therefore a widely studied model
of basal ganglia dysfunction. Malapani et al. (1998, 2002)
adapted a peak-interval timing procedure and manipulated
whether patients were tested ON or OFF their levodopa medica-
tion (they were trained ON medication during which their timing is
typically ‘normal’). These investigators found that when patients
OFF medication were required to time a visual signal duration
(e.g. 215), they tended to produce it as slightly longer, suggestive
of a possible lengthening or 'slowing’ of temporal processing (they
showed scalar variance between their estimates ON and OFF
medication). However, using a double-duration design (bi-peak
procedure)—where the two durations are tested in separate trial
blocks, but within the same session (e.g. 8s and 21s), patients
with Parkinson's disease over-reproduced the 8-s duration and
under-reproduced the 21s duration to a considerable extent—a
result referred to as the ‘migration effect’ because the peak
times for the two target durations were drawn towards each
other. Furthermore if the 8- and 21-s peak functions from the
OFF medication condition are directly compared, they do not
superimpose (which they usually do in the ON medication condi-
tion as well as for normal participants). Moreover, the ‘migration
effect’ is apparently quite persistent and cannot be attenuated
with corrective feedback and the relative extent of migration has
sometimes been found to correlate with clinical akinesia, i.e. im-
pairment of voluntary movement (Malapani and Rakitin, 2003).
Collectively, the pre-ponderance of evidence from these experi-
ments suggests the ‘migration effect’ results from a ‘coupling’ of
the target durations in reference memory or changes in the
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dynamics and tuning of neural accumulators during the signal
(Malapani et al., 1988; Malapani and Rakitin, 2003; Shea-Brown
et al., 2006), although the observation that scalar variance was
present between the ON and OFF conditions in the single-
duration task, and that there was a significant source of non-scalar
variance between the two durations in the OFF condition in the
double-duration task, suggests that a deficit in attentional-set
shifting might also be responsible for the ‘migration effect’
(Meck and Benson, 2002). Intriguingly, single duration differences
and the 'migration effect’ have not been obtained for millisecond
durations, and may only be revealed when the magnitude of the
durations tested exceeds 2s (Koch et al., 2005, 2008a; see also
Jones et al., 2008 for a discussion of the pharmacological basis of
the ‘migration effect’).

Other related pathophysiological findings in patients with
Parkinson's disease include reports that these individuals (verbally)
under-estimate a given duration, and they over-reproduce various
durations, even when they are encouraged to verbally ‘count’ se-
conds out loud (Pastor et al., 1992; Lange et al., 1995). That is,
patients with Parkinson's disease were found to behaviourally pro-
duce 1s as longer than 1s in objective time and the extent of
these pathophysiological differences (slowing of time) was corre-
lated with severity of Parkinson's disease symptoms (Pastor et al.,
1992). However, two of the findings we have just described are
time performance measures—and as Parkinson's disease is char-
acterized by motor impairments, it is particularly worthwhile to
consider evidence from studies of time perception that are sepa-
rated from motor performance.

In fact, Wearden et al. (2008) tested patients with Parkinson's
disease (when they were both ON and OFF their medication) on a
battery of perceptual timing tasks, including: temporal bisection,
generalization, verbal estimation, threshold determination and a
memory for duration task (essentially, the latter two procedures
can be considered variants of an ordinality-comparison procedure).
Patients OFF (and ON) medication did not demonstrate any sig-
nificant pathophysiological differences in the location of the point
of subjective equality in temporal bisection, produced ‘normal’
shaped generalization gradients and gave accurate verbal time
estimations. In fact, pathophysiological differences were only ob-
tained during ordinality-comparison arrangements (patients with
Parkinson's disease showed reduced accuracy). However, the ma-
jority of these tasks employed subsecond stimuli (or those shorter
than 25s), and so it remains to be seen whether any pathophysio-
logical differences in time perception to supra-second durations
are revealed in patients with Parkinson's disease when tested
OFF their medication. For instance, Smith et al. (2007) compared
patients with Parkinson's disease tested ON medication to non-
affected controls using visual and auditory durations in the
supra-second range and found pathophysiological differences in
the location of the point of subjective equality for temporal bisec-
tion and increased sources of non-scalar variance (difference
limen and Weber ratio). Smith et al. (2007) accounted for their
findings (particularly, increases in variability) by supposing a
dopamine-related reduction in clock speed in patients with
Parkinson’s disease, as increases in clock speed are held to improve
precision (Rammsayer and Classen, 1997; Rammsayer, 1999;
Penney et al., 2005; Williamson 2008). Interestingly, Jones et al.
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(2008) reported significant impairments in temporal processing
(e.g. violation of the scalar property) when patients with
Parkinson's disease were tested either ON or OFF medication in
comparison to healthy controls for time productions in the
supra-seconds range (e.g. 30-1205); suggesting that the timing
deficits in patients with Parkinson’s disease are pathophysiological,
i.e. the effects of medication are secondary to the integrity of the
basal ganglia, which is crucial for timing in both the subsecond
and supra-second ranges (Jones and Jahanshahi 2009; Koch et al.,
2009; Jahanshahi et al., 2010a, b; Harrington et al., 2011). These
results also serve as an important reminder that the dose of dopa-
minergic medication given to patients with Parkinson's disease is
typically titrated in order to obtain improvement in motor symp-
toms and not cognitive function. Hence some studies may show
timing impairments in the ON medication condition due to under
or over (more likely) medication (Pouthas and Perbal, 2004;
Rakitin et al., 2006).

A number of functional MRI studies of time reproduction and
time perception have shown no effect of dopamine replacement
therapy on performance (Elsinger, et al., 2003; Jones and
Jahanshahi 2009; Jahanshahi et al., 2010a, b; Harrington et al.,
2011). Moreover, patterns of brain activation in a study of earlier
stage participants did not support the ‘over-activation' hypothesis
mentioned above, at least in the context of time perception
(Harrington et al., 2011). These authors also reported that dopa-
minergic medication does not restore striatal or cortical activation
(Harrington et al., 2011). Nevertheless, compelling evidence has
recently been reported that dopaminergic medication can increase
structural corticostriatal connectivity between the caudate and the
prefrontal cortex in temporal reproduction tasks, whereas the OFF
medication condition ‘deactivates’ these circuits and leads to a
greater reliance on the cerebellum for motor timing in patients
with Parkinson's disease (Jones and Jahanshahi 2009; Jahanshahi
et al., 2010a, b). In contrast, such enhanced coupling in the ON
medication state has not been observed for temporal perception
tasks (Harrington et al., 2011), suggesting the possibility of con-
text dependency for these dopamine effects. The implications of
this mixed pattern of results for the dopamine hypothesis of
Striatal Beat Frequency Theory (this is described in the next sec-
tion; but is essentially a neurobiological instantiation of the Scalar
Expectancy Theory system) and for behavioural studies reporting
no effect of medication therapy on temporal processing is unclear.
One possibility is that while dopamine replacement improves
motor symptoms, it does not adequately reinstate functioning in
nigrostriatal and mesocortical systems that are vital for temporal
processing (Meck, 2006b; Harrington et al., 2011). Due to the
heterogeneity in Parkinson's disease, there is also likely consider-
able individual variability in the responsiveness of various neural
networks to dopamine replacement therapy (Merchant et al.,
2008a).

Although the interval-timing studies reviewed here studied pa-
tients with idiopathic Parkinson's disease at an intermediate dis-
ease stage with no clinical evidence of dementia, the interaction
between disease stage and dopaminergic therapy in Parkinson's
disease is not well understood in terms of effects on motor con-
trol, decision-making and interval timing (Rowe et al., 2008; Jones
and Jahanshahi 2009; Jahanshahi et al., 2010a, b; Harrington
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et al., 2011). Nevertheless, the impairments in temporal cognition
reported here (e.g. increases in variability, proportional rightward
shifts when timing a single target duration and ‘migration effect’
when timing multiple target durations within the same session)
occurs even in non-demented and early-stage patients with
Parkinson's disease when tested OFF dopaminergic medication
and are at least partially restored when tested ON medication
(Malapani et al., 1998, 2002).

Schizophrenia

Schizophrenia is an acquired psychiatric disorder in which there is
an apparent disintegration in the processes of thinking and emo-
tional res