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Abstract

The ability to perceive and represent time is a fundamental but complex cognitive skill that allows us to perceive and organize sequence:
events and actions, and to anticipate or predict when future events will occur. It is a multidimensional construct, and a variety of methods have b
used to understand timing performance in ADHD samples, which makes it difficult to integrate findings across studies. While further replicati
is needed, growing evidence links ADHD to problems in several aspects of temporal information processing, including duration discriminatic
duration reproduction, and finger tapping. Neuroimaging studies of ADHD have also implicated cerebellar, basal ganglia, and prefrontal regic
of the brain, which are believed to subserve temporal information processing. This line of research implicates more basic cognitive mechanit
than previously linked with ADHD and challenges researchers to develop and utilize innovative, multidisciplinary, scientific methods toedissect t
various components of temporal information processing. Recent advances in neuroimaging, such as magnetoencephalography in collaboratior
structural magnetic resonance imaging, can discriminate temporal processing at the level of a millisecond. This approach can lay the groundwo
provide a more precise understanding of neural network activity during different aspects and stages of temporal information processing in ADF
© 2005 Elsevier B.V. All rights reserved.

Keywords: ADHD; Temporal information processing; Time perception; Cerebellum; PFC; Basal ganglia; MEG; EEG; Finger tapping; Duration discrimination;
Duration reproduction

Attention-deficit/hyperactivity disorder (ADHD) is a preva- ~ Our main objectives in this paper are to: (1) summarize how
lent, important and debilitating neurodevelopmental disordetemporal information processing has been examined in ADHD
with substantial health and economic consequences beyond thad relevant issues, such as subtype and comorbidity, medi-
recognized poor social, behavioural and academic outcomestion effects, and theoretical conceptualizations of temporal
(Currie and Stabile, 20Q4Current ADHD theory and empirical information processing in ADHD, (2) to provide an overview of
work suggests that deficits in temporal information processneural substrates relevantto understandingtemporal information
ing may contribute to poor cognitive and behavioural outcomegrocessing in ADHD, and (3) to highlight promising methods
(e.g., too fast or too slow response times, unintentional injurieghat afford greater precision of measurement and integration of
motor vehicle accidents), since this ability permits successfulindings from cognitive/behavioural, neuroimaging, and phar-
adaptation to temporal constraints of the environment. Howevemacological approaches for understanding temporal information
temporal information processing is a multidimensional construcprocessing in ADHD.
that has spurred the development of a wide variety of methods
designed to quantify the purported component abilities, mak-1 T Lin i . .
ing it difficult to integrate findings across studies of temporal™* emporat information processing: overview

information processing in the field of ADHD. The processing of time-related information is an essential part

of our moment to moment functioning, and consequently, our
everyday functioning. No specialized sensory system or receptor
* Corresponding author. Tel.: +1 416 736 5115x33710; fax: +1 416 736 5814128 D€en uncovered to explain the experience of tinaigse,
E-mail address: mtoplak@yorku.ca (M.E. Toplak). 1984; Lalonde and Hannequin, 199%he processing of time-
1 These authors contributed equally to this work. related information clearly spans and impacts many levels of
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analysis, from simply perceiving the passing of one moment t@s a clock as it produces temporal values that capture the serial
the next, to higher level cognitive processes, such as planning. pprogression of real time. The gating mechanism permits output
the current paper, temporal information processing includes thigom the pacemaker to reach conscious awareness. The accumu-
ability to discriminate between brief time intervals that differ in lator keeps track and represents temporal information. The speed
the order of milliseconds to seconds (duration discrimination)pf the pacemaker is subject to arousal levels, as higher arousal
to judge the separability of two stimuli separated by brief timespeeds up the pacemaker, while lower arousal slows down the
periods (temporal judgement), to produce specified time perispeed. Selective attention is thought to be an important determi-
ods with great precision (duration production and reproduction)nant of whether the gating mechanism will “open” to allow the
to estimate the duration of a specific event or stimulus (verbabutput from the pacemaker to become conscious. Importantly,
estimation), to predict the onset of a forthcoming event or stima “closed” gate does not mean that temporal processing is not
ulus (anticipation), and to tap consistently at a self-determinedccurring, rather that sensory and motor systems are proceed-
or specified rate (finger tappingkig. 1 displays a visual ing to use this information for behaviours that do not require
description of these different temporal information processingan explicit representation of time (that is, best conceptualized
tasks. as an unconscious clock). The accumulator may be conceptual-
The classes of tasks we examine here all include the prazed as a working memory buffer that maintains and keeps the
cessing of duration or intervals. Three broad classes of intervaihost recent representation of time explicit, but also performs
timing models and mechanisms have been proposed, incluégn updating function concurrently. Some important predictions
ing pacemaker-accumulator models, process-delay models, aadse from the attentional-gate modilgngels and Ivry, 2001
oscillator/coincidence detection modelMdtell and Meck, First, forintervals that exceed sensory and motor processing (that
2000. Each of these classes of models is characterized big, that pass the threshold into conscious processing), greater
different psychological mechanisms and map differently ontademands are placed on sustained attention and working memory.
neurobiological mechanisms. All of these internal clock mod-Namely,lvry (1996)has suggested that short intervals (millisec-
els include a clock component, a memory component, and ands) may be more related to an internal timing mechanism
decision-comparison component. That is, there needs to bewehile long intervals (seconds) may be more related to working
mechanism to count intervals, to store interval information, andnemory. Another prediction from the attentional-gate model is
to compare different intervals. that any concurrent non-temporal task diverts resources from
The attentional-gate modeBlock, 1990; Zakay and Block, the gating mechanism, resulting in a slower and more variable
19964a,bis an example of a pacemaker-accumulator model (foaccumulation of temporal informatioM@ngels and Ivry, 2001
amore complete description of this theory, Zag&ay and Block, That s, an alternative non-temporal task would divert resources
1996h. Another pacemaker-accumulator model is the scalafrom attending to time. A third prediction by the attentional-
expectancy theory (SET), which was originally developed as agate model is that top-down processes, such as strategy use, can
animal model, and then adapted into the attentional-gate modé&cilitate temporal performancél@angels and Ivry, 2001 For
to explain timing in humansMangels and Ivry, 2001 In the  example, at durations greater than 1s, it would be more likely
attentional-gate model, there is a pacemaker, a gating mechtrat counting strategies could be used to obtain more accurate
nism, and an accumulator. The pacemaker is best characterizéthe estimatesl(@alonde and Hannequin, 1999
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Fig. 1. Temporal information processing tasks. (a) Duration perception, (b) cued/uncued tapping task (verbal production and estimation rdey be eegariant
of the reproduction task, except that no duration has been modeled for the participant), (c) duration reproduction, and (d) anticipation task.
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Links across different levels of processing of temporal infor-using both auditory and visual modalitieRgdonovich and
mation have been suggested, specifically between short-terMostofsky, 2004; Rubia et al., 2003; Smith et al., 2002; Toplak
time perception and the circadian pacemakeariyama et al., et al., 2003 child sample onlyToplak and Tannock, 200%b
2003. There is, however, controversy over whether these differThis was not replicated in an adolescent sampéplak et al.,
ent levels of temporal processing are guided by a single centr&003, as only adolescents with ADHD and comorbid reading
timekeeping mechanism or whether there are multiple timedisorder (ADHD + RD) had higher thresholds on the 400 ms tar-
keeping mechanismssfondin, 200} Weber's law is a core get duration, andRadonovich and Mostofsky (2004)id not
component ofGibboris (1991) scalar timing theory, which is obtain significant group differences on the 550 ms target dura-
likely the most developed and cited model of timing, yet Weber’sion between children with ADHD and controlRubia et al.
model may have applicability to only a limited range of dura-(1999b)also reported no group differences in their child sample,
tions in human timing theoriesGfondin, 200). Many lines  but the ADHD group displayed significantly more variability
of research suggest that two distinct timing mechanisms arthan the control grouRubia et al., 1999b Modality (visual or
involved in human temporal information processing, specifi-auditory) may be an important variable, Bxplak and Tannock
cally a sensory mechanism for processing of durations in th€2005b)report significant group differences with considerably
range of milliseconds and a cognitively controlled mechanismhigher effect sizes in visual than in auditory duration discrimi-
for the processing of longer durations, such as working memnation performance in adolescents with ADHD than in healthy
ory (Rammsayer and Ulrich, 20D5Recent investigation of this controls. Therefore, more studies than not have reported dura-
question has reported evidence against two qualitatively digion discrimination differences in ADHD and control samples,
tinct timing mechanisms, but rather obtained support for a mor&owever, it should be noted that this generalization must be inter-
attention-based cognitive model of human timiRga(nmsayer preted cautiously, as different methods and modalities have been

and Ulrich, 2005. used in these tasks.

There have been single studies to examine performance on
2. Empirical evidence of temporal information temporal judgement and psychoacoustic tasks. Temporal judge-
processing deficits in ADHD ment involves discriminating whether two stimuli are percepti-

bly the same or different, that is, participants are asked whether

Clinical reports and observations also indicate that individthey heard one or two stimuli. The one study Bsown and
uals with ADHD have marked difficulties in conforming to Vickers (2004)did not report any group differences between
directions containing time parameteMdte, 1999. However, ADHD and controls. On a set kychoacoustic tasks, Breier et
such anecdotes appear to refer to very different time frames arad. (2003)examined the perception of auditory temporal cues in
contexts to this under consideration herein. Temporal informanonspeech stimuli in children with ADHD, RD, ADHD + RD,
tion processing has been reported to be impaired in studies aind controls. They reported that the ADHD groups displayed a
ADHD samples (for exampleBarkley et al., 1997, 2001a,b; general reduction in performance across all of the psychoacous-
Barkley, 1997a, 1998; Bauermeister et al., 2005; Breier et altjc tasks, but that more specific group differences were obtained
2003; Kerns et al., 2001; McGee et al., 2004; Mullins et al.,with children with RD. Of course, further replication will be
2005; Radonovich and Mostofsky, 2004; Rubia et al., 2003needed of these single studies to generalize these findings.
Smith et al., 2002; Sonuga-Barke et al., 1998; Tiffin-Richards One study has examin@dration production, but most of the
et al., 2004; Toplak and Tannock, 2005a,b; Toplak et al., 2003york examining temporal information processing in ADHD has
Van Meel et al., 2005; West et al., 200@lthough findings are involvedduration reproduction tasks (13 studies). Both methods
not always consistent (s@able 1. Most of these studies have add a motor component that is not involved in duration discrimi-
been conducted in child samples, but some report data in adaation. In duration production, participants are asked to produce
lescents Barkley et al., 2001a;bRubia et al., 1999a; Toplak aduration specified by the examiner (e.g., “tellme whenaminute
and Tannock, 2005a,b; Toplak et al., 2D@Bd some in adults has passed”), by holding down aresponse key for that time period
(Barkley et al., 2001b; Seri et al., 2001 or simply responding verbally to indicate the end of the spec-

Six studies to date have examinédation discriminationin  ified interval. Thus, this method requires an understanding of
ADHD samples. Duration discrimination is the typical methodthe verbal time concept (e.g., ‘a minute’) as well as its trans-
used to measure time perception, and involves the comparisdation into an action: children with ADHD are reportedly less
of two brief intervals similar in duration (such as, 500 ms versusaccurate producing 1 s durations than are controls. By contrast,
600 ms) to determine which is the longest or shortest. The signifduration reproduction tasks require the individual to reproduce a
icance of using duration discrimination tasks is that they morenodeled interval of time. The duration reproduction paradigms
purely assess the cognitive aspects of time, and the impact bfave used very long durations, up to 60 s, suggesting that this
motor control or timing is minimized. Different methods have task is adding sustained attention and/or working memory com-
been used to examine duration discrimination performance iponents as well as a motor component. Also, many of these
ADHD, including a combination of adaptive procedures andstudies involve reproduction of visually presented stimuli. All
tasks with a fixed set of trials. However, irrespective of differ-but one of the duration reproduction studies report some group
ences in methodology, five of these six studies reported thatifferences between ADHD and controls: typically that individ-
children with ADHD had higher duration discrimination thresh- uals with ADHD display more discrepant reproductions (often
olds, including 200 ms, 400 ms, 1s, 4 s, and 5 s duration targetsderestimations).
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Table 1
Summary of temporal information processing studies in ADHD
Reference Modality Durations Results
Duration discrimination
Rubia et al. (2003) Visual task 3svs.5s ADHD group made more time estimation errors than
controls
Rubia et al. (1999b) Visual task 3svs.5s No group differences

Smith et al. (2002)

Toplak et al. (2003) Auditory

Radonovich and Mostofsky (2004)Auditory

Toplak and Tannock (2005b) Auditory and visual

Temporal judgement (simultaneous/different)
Brown and Vickers (2004) Visual

Psychoacoustic tasks

Breier et al. (2003) Auditory
Duration production
Van Meel et al. (2005) Auditory

Duration reproduction
Barkley et al. (2001a,b)
Barkley et al. (1997)
Barkley et al. (2001a,b)

Electronic stopwatch
Visual task

Bauermeister et al. (2005) Visual
Dooling-Litfin (1997) Stopwatch
Kerns et al. (2001) Visual

Mclnerney and Kerns (2003) Visual

Meaux and Chelonis (2003) Visual
Mullins et al. (2005) Visual
Seri et al. (2001) Visual
Smith et al. (2002) Visual

Toplak et al. (2003) Auditory

West et al. (2000) Visual and auditory

Visual and auditory cues

Presented on stopwatch

1 s target duration

400 ms target duration

550ms, 4s

200 and 1000 ms target
duration

32-512ms

1s

2,4,12,15,45,and 60s
12, 24, 36, 48, and 60 s
,4,12,15,45,and 60s

6, 10, 13, 18, 25, and 33s

Intervals between 2 and 60 s

3,5,6,9,12,and 17s

3,5,6,9,12,and 17s
3,6,12,and 24s

2,4,6, 8,10, 12, 24, 36, 48,
and 60s

3,6,12,and 24s

5and 12 s targets

400ms, 2s, and 6 s targets

500ms; 2,3,4,and 6s

ADHD group displayed significantly more variability
than controls
ADHD group had larger discrimination thresholds than

controls

No differences in frequency thresholds in child or
adolescent sample
ADHD and ADHD + RD children had larger
discrimination thresholds
ADHD + RD adolescents had larger discrimination
threshold, but no differences with ADHD adolescents

ADHD group had significantly higher thresholds than

controls on 4 s duration, but not on 550 ms or control
judgement of pitch task
ADHD adolescents had larger discrimination thresholds
on both visual (200 and 1000 ms) and auditory tasks
(200 and 1000 ms), with largest effect sizes on the
visual 1000 ms task

No group differences

ADHD group displayed lower performance across all
tasks, including gap detection threshold, threshold for
detection of a 32 and 512 ms tone in quiet,
tone-onset-time asynchrony, and binaural masking
differences

ADHD group less accurate than controls

ADHD + ODD group made larger errors
ADHD group made larger errors than controls
ADHD group performed worse, and effect persisted
after 1Q was controlled
No group differences
ADHD group made more errors than controls
ADHD group made larger errors than controls,
especially as the duration increased
ADHD group tended to underestimate target duration
ADHD group made larger errors than controls in both
conditions, especially as the duration increased
ADHD group gave more discrepant reproductions,
especially with increasing durations
ADHD group performed worse than controls

Males with ADHD had significantly more discrepant
scores than females with ADHD and controls
No group differences with 5 s target
ADHD group had shorter reproductions on 12 s interval,
which was only marginal after IQ and working memory
were controlled
ADHD + RD children and adolescents had significantly
higher thresholds than controls, but no differences with
ADHD group
ADHD groups displayed significant intra-individual
variability
ADHD group worse on visual task than controls, but no
differences on auditory task
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Reference Modality Durations Results
Verbal estimation
Barkley et al. (2001a,b) Electronic stopwatch 2,4,12,15,45,and 60s No group differences
Barkley et al. (2001a,b) Electronic stopwatch 2,4,12,15,45,and 60s ADHD group performed worse than controls, but effect

Bauermeister et al. (2005)

McGee et al. (2004)

Meaux and Chelonis (2003)
Smith et al. (2002)

Anticipation tasks
Rubia et al. (2003)

Rubia et al. (1999b)

Sonuga-Barke et al. (1998)

Toplak and Tannock (2005a)

Finger tapping tasks
Ben-Pazi et al. (2003)

Pitcher et al. (2002)

Rubia et al. (2003)

Rubia et al. (1999a)
Rubia et al. (2001)

Rubia et al. (1999b)

Tiffin-Richards et al. (2004)

Toplak and Tannock (2005a)

Visual

Stopwatch for prospective

Visual
Stopwatch

Motor timing visual task

Visual anticipation task

Visual motor timing task in
signalled and unsignalled
conditions

Visual anticipation task in
signalled and unsignalled
conditions

Simultaneous visual and
auditory synchronized tapping

Auditory synchronized tapping

Tapping at self-chosen pace

Visual synchronized tapping

Visual synchronized tapping
Visual synchronized tapping

Visual synchronized tapping
Tapping at self-chosen pace

Visual synchronized tapping

Free tapping, auditory
synchronized and unpaced
tapping, and simple and
complex rhythmic tapping

Visual and auditory
synchronized and unpaced

tapping

6, 10, 13, 18, 25, and 33 s

30s and approx. 14 min

3,6,12,and 24s
10s

6s

6s

5and 15s

400msand 1s

167 ms, 200 ms, 250 ms,
286 ms, 333 ms, 400 ms,
500ms, and 1s
300 ms
Self-paced
700 ms pace
600msand5s
700 ms
5s
Self-paced
400 ms, 500 ms, 700 ms,
1.2s,and 1.8s

263, 500, 625, 750, 875, and
1000 ms

400 and 1000 ms

disappeared after 1Q was controlled
ADHD group had larger absolute discrepancy scores
than comparison controls
ADHD group overestimated retrospective judgement

(approximately 14 min) compared to controls, but no
group differences on 30 s prospective estimate

No group differences

No group differences

No group differences on anticipation times
ADHD and community hyperactives were more variable
and made significantly more errors than controls
No group differences
ADHD group significantly more variable and made
more impulsive errors than controls
ADHD group made more errors than controls

ADHD group made more late than early responses in
signalled condition
ADHD group made more early than late responses in
unsignalled condition

ADHD group less accurate in signalled and unsignalled
trials than controls

Children with ADHD had difficulty with modulating
their response with the different frequency presentations

ADHD-Inattentive and ADHD-combined had
significantly longer RTs than controls
No group differences in speed of tapping
ADHD group significantly more variable than controls
No group differences for mean synchronization times
ADHD and community hyperactives were significantly
more variable than controls
No group differences
ADHD group more variable in time lengths than
psychiatric controls
No group differences
No group differences
Hyperactive group significantly more variable than
controls
No group differences
ADHD group displayed significantly more variability
than controls
Included children with ADHD, RD, ADHD +RD, and
controls
No significant group differences in free, synchronized
or unpaced tapping on asynchrony average and
variability, but both RD groups showed more difficulty
with complex rhythm tapping than other groups
ADHD group displayed significantly more
intra-individual variability than controls on unpaced
visual 1000 ms tapping task

Verbal estimation tasks typically involve demonstrating or

six studies conducted, three studies reported significant group

modeling to the participant a particular duration (e.g., by turn-differences Barkley et al., 2001b; Bauermeister et al., 2005;
ing on a light for that duration) and asking the participant toMcGee et al., 2004 One study that did report a group differ-
verbally estimate the length of the demonstrated duration. Of thence found that this effect disappeared when 1Q was controlled
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(Barkley et al., 2001b The other two studies that reported sig- ferences on duration discrimination (5/6), duration reproduction

nificant group differences used intervals that ranged from 6 s t¢12/13), and finger tapping tasks (7/8). Fewer group differences

14 min. have been obtained on verbal estimation (3/6) and anticipation
Anticipation tasks involve perception and motor production tasks (2/4). Based on this amalgamation and summary of stud-

components. A typical anticipation task is often presented in #&s, some of the following should be taken into account in future

game-like format, in which a series of stimuli are presented astudies on temporal information processing in ADHD:

a predetermined rate and the participant must learn to predict ) ) ) )

and respond upon the stimulus onset. Anticipatory responding: Consideration should be given to systematic research and

requires maintenance of an internal representation of the critical Standardization of methods, such as comparing discrete and

durations in order to anticipate the impending stimulus and to adaptive procedure§, and including a more consistent number

execute a response precisely at the point of its occurrence. Of Of trials across studies.

the four studies reported, two studies reported significant differ- Studies should systematically examine the role of modality

ences between children with ADHD and contr@suga-Barke and length of duration. While most studies have examined
et al., 1998; Toplak and Tannock, 2005ahile the other two performance using visual tasks and have reported significant
studies reported no significant group differences in performance, 9group differences, it will be important to compare the same
but that children with ADHD displayed significantly more vari- ~ Meéthods using different modalities to determine whether
ability in performance than controlR(bia et al., 1999b, 2003 modality is an important variable in ADHD. Similarly, length

Finger tapping tasks are also a form of motor reproduction. ~ Of duration is an important variable from the standpoint of
Variants of this task include tapping at a self-selected pace (free temporalinformation processing and ADHD, with important
tapping), tapping along with an externally paced stimulus (syn- implications. Most studies have examined durations larger
chronized tapping), which may include a continuation phase than a few seconds, but performance on shorter duration
that participants are to keep tapping without the stimuli, and tasks will assist in discerning whether any deficits in tempo-
tapping to an externally paced rhythmic sequence. Of the sets ral information proces;ing are attributable to a basic timing
of tasks described, the most marked methodological differences Mechanism or to working memory processes. .
are apparent in tapping tasks. Within each of these tasks, thefe N addition to the diversity in experimental manipulations,
are differences in modality presentation (visual, auditory, or it iS important to conduct task analyses. Specifically, it is
both), intervals (400 ms to 5s), number of taps measured, and important to isolate which tasks are primarily perceptive
the dependent measure (whole group variability versus intra- (i.e., duration discrimination), which add an additional motor
individual variability). Many studies have reported significant ~Component, and any additional task demands that may make
differences in group variabilityRubia et al., 1999b, 2001, 2003 an add|t|vele.ffect on performance, sqch as verbal estimation,
and intra-individual variability Toplak and Tannock, 2005an where participants must not only estimate but produce a ver-
self-paced and visual tapping tasks ranging in intervals from bPal response.
400ms to 1.8s. Two of the eight studies conducted in ADHD#- Many studies on temporal information processing in ADHD
samples reported less optimal performance in children with €port significant variability of performance of performance

ADHD than in controls using externally paced stimuliin visual N ADHD groups relative to controls. Importantly, intra-

and auditory modalitiesBen-Pazi et al., 2003; Pitcher et al.,  individual variability is the proper index for measuring tap-
2002. When stimulus rate was altered within the same tapping Ping performancelyry, 1997). Future studies must be cau-
task, Ben-Pazi et al. (2003jound that children with ADHD tious about separating variability on tapping performance

had difficulty modifying their tapping rate to be in synchrony fr.om the genera_tll performa_mce variability that is found on
with the stimulus. Then, one study reported no significant group  Virtually all cognitive tasks in ADHD samples.

differences between ADHD and control groups on a compleﬁ . . . .
X . . n alternative hypothesis to temporal information process-
rhythm tapping taskTiffin-Richards et al., 2004 Given the - ; . . .

. . .. Ing deficits to consider in ADHD is that differences may be
differences in the types of methods that have been used, it IS?. . .
) . ; . . attributable to executive function processes.
impossible to draw conclusions about tapping performance in
ADHD s_ampl_es._l—_lowever, a_t leaSt half of these studies reporj ;. Temporal information processing or executive
greater intra-individual or within group variability of perfor- 4, c4ion ?
mance than controls, suggesting that finger tapping performance
may be impaired in ADHD. Barkleys (1998) model proposes that temporal information

To summarize, clearly, there needs to be more standardizatiggrocessing deficits are part of the general behavioural inhibi-
and consistency in the methods used to study temporal informaion and executive deficits observed in ADHD. Some studies
tion processing in ADHD and control samples. A fair number ofhave examined associations between temporal information pro-
studies have examined these phenomena, and while it is not pasessing, attention, working memory, and inhibition in ADHD.
sible to use any meta-analytic methods given the differences iKerns et al. (2001)eported a significant positive association
methods, it is useful at this point to examine general trends thusetween performance on a measure of attention (continuous
farin orderto set the stage for further research. Collapsing acroggrformance test) and a duration reproduction task, but reported
methodological differences, many studies of temporal informamixed results on the relationships between duration reproduction
tion processing in ADHD have obtained significant group dif-and inhibitory control. Specifically, they obtained a significant
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positive association between performance on a go/no go task agenetic etiology Pennington et al., 1993; Willcutt et al., 2000,
a duration reproduction task, but not between a Stroop interfe2001). There is also an extensive literature on timing deficits
ence task and the same duration reproduction task. In a similém reading disabilities\{/olf, 1999, 200}, originating from the
study, Mclnerney and Kerns (2003)btained significant asso- work of Tallal (1980, 1984)who proposed that deficits in RD
ciations between duration reproduction on a visual task witharise due to the ability to efficiently process the rapid presenta-
working memory and inhibitory control (the stop task). In ation of auditory stimuli Tallal, 198Q. To date, there has been
sample of adolescents with ADHD or ADHD + RD, only verbal a range of processes associated with timing deficits in reading
short-term memory (digit span forwards), not verbal workingdisabled individuals, including, a general slowness in process-
memory, was found to predict performance on a duration dising speed Fawcett and Nicolson, 209 lrapid naming deficits
crimination task with a 400 ms targetdplak et al., 2008 (Manis and Freedman, 20 successive/sequential processing
Mullins et al. (2005Yeported an association between sustainedieficits Farmer and Klein, 1995and duration discrimination
attention and time reproduction. Aldgauermeister etal. (2005) deficits (Nicolson et al., 1996 The hypothesized link between
found that measures of interference or inhibitory control andiming deficits and reading disability has been come to be termed
nonverbal working memory predicted performance on a duratioms the “cerebellar deficit hypothesidNi€olson et al., 200}
reproduction task, but notably their durations to be reproduceds some research has also suggested that reading disability is
ranged from 6 to 33 s. In another study, children’s performancassociated with abnormal cerebellar activation and functioning
on a verbal short-term and working memory measure was founfFawcett et al., 1996; Nicolson et al., 1999, 2p@ne hypoth-
to be unrelated to duration discrimination with a 1000 ms tar-esis has been that impairments on verbal memory tasks may
get (Smith et al., 200R, and children’s performance on a visual explain how cerebellar functions contribute to reading disability
spatial working memory task was unrelated to duration reproflvry and Fiez, 200p One study on duration discrimination in
duction performance with targets ranging from 3 to 1ker6s  ADHD has included participants with comorbid reading diffi-
et al., 200). Notably, many of these studies have examinedculties (Toplak et al., 2008 and most of the deficits observed
durations greater than a few seconds, in which time researchengere in the comorbid ADHD + RD groufiffin-Richards et al.
acknowledge the role of higher level cognitive processes, such §2004) also found that children with RD displayed difficulty
working memory [vry, 1996). Two strategies will prove useful with complex rhythm tapping, but not children with ADHD.
to understanding the separability between basic timing deficit¥hen, Breier et al. (2003¥ound that children with RD dis-
and other executive processes in ADHD and control sampleglayed deficits in specific psychoacoustic tasks, but children with
including using more basic timing paradigms and shorter duraADHD displayed a general reduction in performance across all
tions (<1 s), and using statistical procedures to parse the variantasks. It will be important to consider reading disabilities in stud-
attributable to basic timing differences and executive processeies examining temporal information processing in ADHD.
More studies and replication are needed to more fully realize
possible associations between attention, memory, and inhibitioh 3. Medication effects
processes in normative and ADHD samples.
The few available studies to address whether temporal infor-
2.2. Subtype and comorbidity mation processing is influenced by psychostimulants or other
psychotropic drugs used to treat ADHD have failed to find any
Few studies have examined the influence of subtype andffects of medication on time productioBdldwin et al., 200%
comorbidity on temporal information processing in ADHD. time reproduction Barkley et al., 199), or on free tapping,
Symptoms of inattention or hyperactivity and impulsivity may synchronized tapping, anticipation, or duration discrimination
be predicted to affect temporal processing, as neuropsycherformance Rubia et al., 2008 Stimulant medication was
logical impairments tend to be associated with inattentiorreported to reduce variability of performance and number of
(Chhabildas et al., 20Q1and impulsive tendencies may both impulsive errors on an anticipation tagkupbia et al., 2008and
give rise to temporal information processing difficulties. So far,reduced variability on time productio®Béldwin et al., 2004
Mullins et al. (2005yeported that their combined ADHD group however we know that stimulant medication tends to reduce
was significantly more variable in their time reproductionsvariability of performance and impulsive errors on many cog-
relative to the inattentive ADHD group, buBauermeister nitive tasks. At this point, it is unclear how or why stimulant
et al. (2005)did not report significant differences between medication was found to impact performance on these tasks,
their inattentive and combined ADHD groups on a durationand whether there is any specificity in acting on temporal infor-
reproduction task. mation processing. Therefore, further investigation of temporal
The presence of comorbid disorders on temporal informainformation processing deficits in ADHD will have important
tion processing has also been examirigakkley et al. (2001a) implications for understanding the neural effects of psychstim-
reported that oppositional defiant disorder and depression sympiant medication.
tomology did not affect time perception performance, but level
of anxiety made an additional contribution to ADHD symptoms2.4. Motivation and contingencies
(Barkley et al., 2001a)bThe presence of reading disabilities is
particularly important to consider, as there has been some spec- Some studies have examined the impact of motivation and
ulation whether these two particular disorders share a commarontingencies on temporal information processing performance.
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Stevens et al. (1970pund that children with ADHD tapped processing measureRijbia et al., 1999bHowever, it has been
slower than controls in a speeded condition and in a speeded coargued that the differences between ADHD and comparison
dition with areward on a self-paced tapping tddklnerneyand  control samples on temporal information processing measures,
Kerns (2003examined duration reproduction in children using especially performance on duration discrimination tasks, is not
two versions of a visual task, one simply involving reproduc-likely to be simply due to organization of motor outpDiquglas,

tion and an enhanced version in which participants could win 4999. These different theoretical accounts highlight the differ-
prize for improved performance. They found that children withent processes thought to be affected by temporal information
ADHD performed better in the enhanced than regular version oprocessing performance in ADHD, including executive pro-
the time reproduction task, but their performance did not reackesses, motivational processes, arousal and energetic resources,
the level of the comparison controls. Similadgn Meel et al.  and motor output.

(2005)reported that while monetary rewards and response costs

ameliorated performance for children with and without ADHD, 3. Neural substrates of temporal information processing

these motivational manipulations did not eliminate the group

difference in time production performance. Overall, while the It is only relatively recently that developments in the neuro-
impact of motivation may ameliorate performance, as demonsciences have implicated the cerebellum and basal ganglia with
strated in some of these studies, it does not seem to account foognitive functions, such as timingdérrington et al., 1998a;

the entirety of group differences. Ivry and Fiez, 2000 We now know that temporal information
processing is a complex cognitive activity that comprises mul-
2.5. Temporal information processing and models of ADHD tiple component processes and engages multiple brain regions,

including the cerebellum, basal ganglia and prefrontal cortex

The idea of temporal information processing deficits in(e.g.,Casini and Ivry, 1999; Gibbon et al., 1997; Harrington
ADHD is consistent with current models of ADHD, including: et al., 1998a,b; Ivry and Fiez, 2000; Ivry and Hazeltine, 1995;
models of behavioural inhibition or inhibitory contr@#érkley,  Ivry and Keele, 1989; Jueptner et al., 1995, 1996; Mangels et
1997a,b; Rubia et al., 2001; Schachar et al., 2000al path-  al., 1998; Meck, 1996; Nichelli, 1996; Nichelli et al., 1996
way models $onuga-Barke, 2002, 20p3models of regula- Research supports the idea that each of these neural regions
tory/control processing dysfunctioBéuglas, 1998 and mod- may modulate particular components of timing and therefore
els of impaired motor output or a motor timing defidkubia et  their importance to time perception may vary depending on the
al., 1999a,b; Sergeant and van der Meere, 1994, 2@00of specific temporal demands of a given timing task.
these theories, however, provide different accounts of the deficits
reported in these studies. Most models of ADHD conceptualiz8.1. Cerebellum
ADHD as a disorder of executive function, or “frontal lobe”
syndrome. Traditionally, the cerebellum has been viewed as the key part

The most common model of behavioural inhibition hasof the motor system, with responsibilities including the coor-
argued that poor inhibition and interference control affect work-dination of skilled movement, motor learning, and the control
ing memory, which consequently affects temporal processingf balance. Early work in the study of temporal information
(Barkley et al., 2001 According to the delay aversion model, processing focused on the animal model of the conditioned
the primary deficit in ADHD is a preference for an immediate eyeblink response. Numerous studies investigating this phe-
reward, or an aversion to delagd¢nuga-Barke et al., 19923%,b nomenon demonstrated thatthe cerebellar cortex is important for
Sonuga-Barke et al. (1998lilized this model to explain chil- the timing of this response (for areview sPerrett, 1998 Stud-
dren with ADHD’s tendency to underestimate time intervals inies of temporal information processing in healthy adults have
an anticipation taskSonuga-Barke et al., 19980thers who also shown that the cerebellum can be critical in the establish-
have reported differences between ADHD and control samment and execution of timed movemeriigy and Gopal, 1993;
ples on reproduction tasks at longer durations (such as 12 §)ry et al., 1988; Kawashima et al., 2000; Timmann et al., 1999;
have found that children with ADHD have significantly more Topka et al., 1998 Recent examinations of individuals with
underestimations than overestimations, and this line of evidenagerebellar lesions suggests that the cerebellum may be critical
has also been taken as support for the delay aversion modfgr accurate movement timing when there is an explicit, event-
(Smith et al., 2002 The regulatory/control processing dysfunc- based temporal goal, such as finger tapping to asperfcer and
tion model Pouglas, 1999; Sergeant, 2Q0suggests that the Ivry, 2005, but not for movements that are continuous with ill-
variable performance observed in ADHD is at least partly duedefined temporal boundaries such as continuous circle-drawing
to a deficient allocation of energetic resources. That is, childreSpencer et al., 2003In addition to aspects of motor timing,
with ADHD, for some unknown reason, are unable to maintainthe cerebellum is implicated in the control of attentidegche
optimal arousal and activation levels. This is one theory that haand Karhu, 2000 error detection and learnin@fepper et al.,
been used to explain the slower and more variable response te1899; Fiez et al., 1992 and covert action and imageriv(y
dencies of individuals with ADHDIL(eth-Steensen et al., 2000 and Fiez, 200f) notably, often when there is no motor compo-
and the impact of motivation and contingencies on performancaent to the task. Duration discrimination tasks involve cerebellar
(Sergeant, 2005 Impairments in motor output have been usedactivation Mathiak et al., 200% and are compromised with
to explain poor performance observed on temporal informatiorerebellar dysfunctionHetherington et al., 2000; Ivry, 1997
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Patients with cerebellar lesions show poor acuity on perceptual 3. Prefrontal cortex

tasks that require precise timing, including duration discrimina-

tion (e.g.,Casini and Ivry, 1999; Ivry and Keele, 1989; Mangels  Several studies suggest that when longer time intervals are
et al., 1998. While performance on these tasks have been ass@attended to, working memory functions overshadow pure timing
ciated with cerebellar integrity, performance on some of thes@rocesses, thus, delegating the frontal lobe the ‘collector’ within
tasks have also been associated with one another, for exampé internal clock model; a role which is necessary for durations
duration perception has been found to be associated with firthat require sustained attention or information to be held online.
ger tapping Keele et al., 198 leading to the conjecture that The prefrontal cortex (PFC), especially the right hemisphere, is
these tasks may all be proxies for a specific timing process immplicated in such time processes. Most of the evidence indicat-
which the cerebellum is critical. Length of duration must be con-ing that PFC function mediates temporal information processing
sidered as an important variable that may affect whether thesabilities for long interval estimates pertains to duration discrimi-
tasks reflect common or separable processes. For instance, cenation tasks. Rat studies have shown thatthe PFC is necessary for
bellar damage impairs the ability to discriminate time intervalstemporal discrimination of interval-timing in the seconds range
in the millisecond to second range whereas prefrontal damag®ietrich and Allen, 1998; Onoda et al., 2003femory-timed
causes deficits in temporal discrimination only in the range ofinger-tapping, but natued-tapping, at 1.5 Hz evoked right PFC
seconds Nlangels et al., 1998 Given that cerebellar patients activation in healthy humand¥awashima et al., 2000 Sev-

do not show perceptual deficits on non-temporal tasks, such a&sal studies revealed that frontal lobe patients with lateral PFC
those requiring frequency discrimination, the cerebellum mayesions were impaired on long interval duration discrimination
be specific to those tasks that require a precise internal repréRao et al., 200[Lbut not on short intervalsMangels et al.,
sentation of the fine timing between even®aéini and Ivry, 1998. However, individuals with right dorsolateral PFC lesions

1999, even in the absence of a motoric response. showed a deficit in discriminating time intervals between 300
and 600 msHarrington et al., 1998a
3.2. Basal ganglia While the cerebellum, basal ganglia, and prefrontal cortex

have all been implicated in temporal information processing, it

The basal ganglia have typically been associated with thés also essential to understand that their contributions are not
control of posture and movemer@ossman and Neary, 2002 modular, and that these different regions can interact during
but appear to also mediate temporal information processes. Thiemporal information processing. For example, there have been
basal ganglia are composed of the corpus striatum (putameseveral speculations on the link between cerebellar and frontal
and globus pallidus), substantia nigra, and subthalamic nuclgirocesses in timingMangels et al., 1993 including the pos-
(Kiernan, 1998 The animal literature implicates both the stria- sibilities that: the frontal and cerebellar regions both assume
tum and substantia nigra in interval-timing functions. In rats,timing functions, that the prefrontal cortex may not be inte-
lesions of the substantia nigra or striatum block the ability togrally involved in timing, but may support the maintenance,
discriminate timed intervals while treatment with a dopaminemonitoring, and organization of temporal information, or that
agonist normalizes timing accuradyléck, 1996. Most of the  timing deficits may arise because of broader executive control
human data implicating the basal ganglia in timing derive fromdeficits. However, research with cerebellar patie@&sini and
studies of patients with Parkinson’s disease, which is adegenerbay, 1999; Mangels et al., 199&nd the neuroimaging find-
tive disease affecting this collection of structures. Dopaminergiéngs in ADHD (Castellanos et al., 200kuggest that many
depletion in the substantia nigra precipitates motor dysfunctiotiming impairments originate from the cerebellum, and that the
inthose with Parkinson’s disead&¢rnan, 1998 Asthe disease prefrontal cortex may manage resources for acquiring and main-
progresses, it affects striatal function thought to have both motarining temporal informationGasini and Ivry, 1999; Mangels
and cognitive componentblarrington et al. (1998agxamined et al., 1998.
temporal information processing in a sample of patients with
Parkinson’s disease and a sample of controls. Patients with ADHD and relevant neural substrates for temporal
Parkinson’s disease performed worse than controls on a duratidgnformation processing
discrimination task. The patients’ performances improved con-
siderable when they were given dopaminergic agonizdyle The PFC is commonly associated with ADHD, however,
et al., 1998. Akin to the cerebellum, the basal ganglia may bethere are prominent neural differences in a number of areas
mostly involved in specific aspects of temporal processing. Fobetween individuals with ADHD and controls, including, vol-
instance, the basal ganglia seem critical for accurate time estirmetric decreases in the posterior—inferior lobules of the cere-
mation (Nenandic et al., 20Q3ut not for accurate movement bellar vermis in both male and female children with ADHD
timing (Aparicio et al., 2005; Shin et al., 2005; Spencer and Ivry,(Castellanos et al., 1996, 2001, 2002; Mostofsky et al., 1898
2005. well as decreases in prefrontal volume, particularly the right PFC

It has been hypothesized that both the cerebellum (via cerdCastellanos et al., 1996; Mostofsky et al., 2D88&d increases
brocerebellar pathways) and the basal ganglia (via corticostriatéih metabolism in the PFCSpalletta et al., 20Q1 There is an
pathways) are part of a larger time perception network in whictabundance of literature suggesting a link between the prefrontal
they have prerequisite connections with temporal processes thedrtex and executive functions, which has resulted in the con-
occur in the prefrontal cortexyry and Fiez, 200p ceptualization of ADHD as a frontal lobe disordd3afkley,
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1998; Carte et al., 1996; Yeo et al., 200Some of the exec- It was concluded that cerebellar dysfunction may contribute to
utive functions believed to be mediated by the frontal lobegroblems involving timing that are often associated with the
include the temporal organization of behaviour, such as pre‘prefrontal” syndrome of ADHD, such as, impaired time man-
planning and monitoring requisite events, and finger tappinggement, inability to judge durations of time needed to complete
(Rubia et al., 1999b While most studies have reported anoma-tasks, and inability to hold in mind future consequences and
lies in the frontal lobe in ADHD, of particular relevance are present actions at the same time.
the recent findings from neuroimaging studies of ADHD of  While cognitive neuropsychologists may assume anatomical
structural anomalies in the cerebellum and basal ganglia (e.gnodularity Coltheart, 200}, there are a number of reasons why
Berquin et al., 1998; Castellanos et al., 1996, 2001; Giedd et althis may not hold true in tasks associated with temporal informa-
2001; Mostofsky et al., 1998; Semrud-Clikeman etal., 3000 tion processing, especially in clinical samples. For example, the
the cerebellar midline, investigators reported decreased steadgssociation between temporal information processing and work-
state blood flow in highly hyperactive children with ADHD ing memory was demonstrated consistently in adolescents with
which subsequently increased when given methylphenidatédDHD, but less consistently in comparison control®glak
a dopaminergic and noradrenergic agon&hderson et al., and Tannock, 2005b; Toplak et al., 2008 was suggested
2002. In the basal ganglia, lesions of the ventral putamerthat because these associations were obtained consistently in the
increased the diagnosis of ADHD in children, particularly of ADHD sample and notthe controls, that adolescents with ADHD
the inattentive-subtypeMax et al., 2002 and several studies may need to recruit additional cognitive resources to perform the
indicated metabolic increases in the striatum in highly hypersame task as controls. Such findings suggest that the processing
active children with ADHD that decreased in the presence obf temporal information is likely more distributed than modular
methylphenidatel(ee et al., 2004; Teicher et al., 2000 in nature both behaviourally and neurally, and perhaps even more
To date,Castellanos et al. (200Bpve conducted the largest pronounced in clinical samples, such as ADHD. Therefore, both
prospective, longitudinal neuroimaging study to date of chil-our behavioural and brain imaging methods must be adapted to
dren and adolescents with ADHD, allowing them to exam-permit the study of distributed and interacting processes.
ine the effects of gender, age, and stimulant medication. They
reported that participants with ADHD had significantly smaller5. An innovative technique to analyze temporal
cerebral volumes and smaller cerebellar volumes than controiaformation processing in ADHD
even after adjustment of significant covariates. Compared with
controls, even previously unmedicated children with ADHD  Data indicating performance differences in the ADHD brain
demonstrated this effect, suggesting that these differences weaee derived, almost exclusively, from functional magnetic reso-
unrelated to stimulant treatment. Also, caudate nucleus volumeagance imaging (fMRI) studies. Mostly, this is due to the limited
were initially abnormal for patients with ADHD, but diagnos- number of non-invasive methods which image the active brain.
tic differences disappeared during adolescence. In addition, fMRI has excellent spatial resolution but lacks temporal resolu-
was reported that frontal and temporal gray matter, caudatéion and cannot examine the short periods of time involved in
and cerebellar volumes correlated significantly with parent- anavhat is defined as being pure time perception. Two imaging tech-
clinician-rated severity measures within the ADHD sample. Inniques that are gaining more mainstream interest in recording
an even more recent investigatidhrston et al. (2004¢xam-  functional brain activity are magnetoencephalography (MEG)
ined cerebral volumetric differences using more precise measuend electroencephalography (EEG). Both these techniques allow
and MRI in boys with ADHD, their unaffected siblings, and one to investigate how long it takes various regions of the brain
matched controls. It was reported that the boys with ADHDto process presented stimuli. MEG is an innovative technique
and their unaffected siblings displayed significant reductions irthat has been used for many years in the field of epilepsy and is
right prefrontal gray matter and left occipital gray and white gaining acclaim for its application in brain mapping and the anal-
matter compared to matched controls. In addition, the boys witlyses of psychiatric disorders (for a review, Raste et al., 1999
ADHD displayed reduced right cerebellar volume, compared tdMEG is a safe, passive, non-invasive, functional neuroimaging
the unaffected siblings and matched controls. These findings atechnique that records the minute magnetic field generated by
consistent withCastellanos et al. (2002nd the idea impaired electrical activity of neurons in the brain. One unique advantage
frontal and cerebellar processes in ADHD. is its ability to provide a millisecond-by-millisecond record of
Therefore, the neuroimaging studies implicate basal gangliajeural activity with high spatial resolution throughout the cere-
prefrontal cortex, and cerebellar structures as impaired in ADHIbellum, brainstem and cortex for a range of motor, perceptual,
samples.Mostofsky et al. (1998argue that the presence of and cognitive tasks. By contrastto MEG, the temporal resolution
cerebellar abnormalities in individuals with ADHD may still be in fMRI barely approaches 1s, which is too slow for captur-
consistent with a frontal—striatal hypothesis. They indicate thaing the cerebellar role in fine timing, where the relevant time
“recent findings of projections from the dentate nucleus to thescale is in the order of millisecondBi§. 2). Importantly, MEG
dorsolateral prefrontal cortex suggest that the cerebellum magirectly represents the neuronal potentials that compose brain
be part of a larger distributed network in the intentional system’activity rather than represent structure or blood flow. Recently,
(p. 437). They report that several studies have documented exeresearchers have developed a new spatial filtering approach
utive function abnormalities in patients with cerebellar lesions{synthetic aperture magnetometry: SAM) to source localization
including deficits in error detection, sequencing and planningthat has repeatedly revealed neuronal subpopulations of activity
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Recently, EEG has also been used to study time perception in
individuals with neural lesions in the cerebelluffrilenberg

=
o

g SPECT et al., 2004. EEG has been used extensively in the study of
= 81 ADHD. For instance, children with ADHD have been shown:
'553 to have reduced beta activity in frontal regions as demonstrated
g ®] i by EEG Kropotov et al., 2005; Loo et al., 20p4to benefit
L PET from EEG-derived biofeedbackfonastra et al., 20Q5to have
'é |:| reduced strength of evoked response to a visual stimubysez
0 27 MRI etal., 2004, and to have increased theta wave activity in the PFC
(Clarke et al., 200R Due to EEG's lower spatial acuity, EEG
0% 102 01 1 10 100 10°  10% studies would benefit by combining their technique with that of
Temporal resolution (sec) MRI or MEG to create a highly accurate spatial and temporal
1 msec 1 sec 1 10min 1 hr neural profile of both sources.
min Motoric repetition such as continuous finger tappirig a

Fig. 2. Relative temporal and spatial sensitivity of neurcimaging tech-well-studied example of a task involving event timing (time
niques. Image modified from original versionhdtp://www.vsmmedtech.com/  production and reproductiomyry and Richardson, 20Q2hat
products/meg/overview/fag.htm has been well-documented in the MEG literatued(er et al.,
2000; Joliot et al., 1998; Pollok et al., 2002, 2003, 2004; Tass
identical to that of fMRI procedure$€¢hulz et al., 2004; Singh et al., 2003; Yoshino et al., 20p2and has been used in EEG
et al., 2002; Taniguchi et al., 20pQJsing MEG, in collabo- to help profile disorders such as epilepdags et al., 2003
ration with an individual’s structural MRI, one can discern theParkinson’s diseasd.imousin et al., 1999 and callosal atro-
spatial and temporal profiles of neural activation as well as th@hy (Knyazeva et al., 1997In all of these studies, individuals
band frequencies at which these activations occur (i.e., beta showed deficits in finger tapping to a timed interval. Across dif-
alpha oscillatory activity). MEG technology has been applied tderent methodologies and modalities, participants with ADHD
the study of auditoryfecchio et al., 2000; Thaut, 20Q%isual  have also shown less precision and more variability on finger
(Haendel et al., 2003; Tikhonov et al., 2QPBotoric Lang et  tapping performance relative to normal controls ($able J),
al., 1996, and somatic{esche and Karhu, 199@rocessingand indicating this as an important area for future research in under-
recent data indicate that it can discriminate from neural activitystanding temporal information processing in ADHD.
that represents new or learned responiéssés et al., 2005 Depending upon the attentional demands and time inter-
Given the extreme heterogeneity of performance of individualvals implemented, the reviewed data suggests that temporal
with ADHD within behavioural timing tasks, the high spatial information processing tasks may invoke frontal, basal gan-
and temporal resolutions of MEG can be quite valuable. glia, and/or cerebellar activity and that the contribution of each
EEG is also a non-invasive technology that records activenay vary with the parameters implemented. Furthermore, any
brain activity on the order of milliseconds. It uses an elec-aspectoftemporalinformation processing may be affected under
tronic monitoring system to measure and record electrical activa number of various conditions in individuals with ADHD.
ity in the brain and is an important method in the diagnosisSeveral studies have demonstrated the localization of a cere-
and management of epilepsy and other seizure disorders. It iellar time perception process distinct from the motoric aspect
also often used in the diagnosis of stroke, tumours, encephaléf finger movement @esmond et al., 1997; Jueptner et al.,
tis, mental retardation, sleep disorders, degenerative diseasd995; Kawashima et al., 2000; Tesche and Karhu, 2000; van
schizophrenia, and autisnNigdermeyer and Lopes da Silva, Mier and Petersen, 20D2A methodology has been developed
1993. As EEGs also provide frequency information, researcherén adult samples to parse the cognitive (internal clock vari-
can obtain information as to which brain waves are activated duance) and motor contributions to task performanéng and
ing a particular response. Despite the development of advancétistofferson, 1973 allowing the mapping of these separable
techniques for studying the spatial and temporal dynamics ofomponents of behavioural performance onto neural models
brain regions, little is actually known about the cortical rhythmsthat separate cognition (that is, perception of a timed interval)
(brainwaves) that drive brain activations. Evenless is understodidom motor component§ésche, 199 Mesche and Karhu, 1997,
about the relationship between cortical rhythms and the modul&000 in the regions of interest. Evidence from behavioural stud-
tion of timing processes that underlie time perception. Most EEGes suggest that individuals with ADHD display impairments in
time perception studies have focused on the evoked responslegth cognitive time perceptioniT¢plak and Tannock, 2005a;
(ERPs) which indicate how long it takes various regions of theToplak et al., 200Band motor domainsRubia et al., 1999h
brain to process presented stimuli. One important use of thitherefore, developing atechnique that allows one to anatomically
technique has been to show evoked neural activity during timend functionally segregate the cognitive and motor systems is
perception tasks in healthy adults, such as duration discriminaritical. Neuroimaging techniques such as MEG and EEG, in
tion (Lange et al., 2003; Monfort et al., 2000; Naatanen et al.collaboration with MRIs, may represent the new methods in
2004; Schubotz and Friederici, 199Time-interval reproduc- dissecting these factors and, in combination with appropriate
tion (Monfort and Pouthas, 2093and manipulating attentional behavioural measures and pharmacological manipulations will
processes requiring temporal processi@giffin et al., 2002. allow the field to move forward at a more rapid pace.
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