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Temporal information processing in ADHD:
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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 sequences of
events and actions, and to anticipate or predict when future events will occur. It is a multidimensional construct, and a variety of methods have been
used to understand timing performance in ADHD samples, which makes it difficult to integrate findings across studies. While further replication
is needed, growing evidence links ADHD to problems in several aspects of temporal information processing, including duration discrimination,
duration reproduction, and finger tapping. Neuroimaging studies of ADHD have also implicated cerebellar, basal ganglia, and prefrontal regions
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f the brain, which are believed to subserve temporal information processing. This line of research implicates more basic cognitive m
han previously linked with ADHD and challenges researchers to develop and utilize innovative, multidisciplinary, scientific methods to de
arious components of temporal information processing. Recent advances in neuroimaging, such as magnetoencephalography in colla
tructural magnetic resonance imaging, can discriminate temporal processing at the level of a millisecond. This approach can lay the gr
rovide a more precise understanding of neural network activity during different aspects and stages of temporal information processing
2005 Elsevier B.V. All rights reserved.
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Attention-deficit/hyperactivity disorder (ADHD) is a preva-
ent, important and debilitating neurodevelopmental disorder
ith substantial health and economic consequences beyond the

ecognized poor social, behavioural and academic outcomes
Currie and Stabile, 2004). Current ADHD theory and empirical
ork suggests that deficits in temporal information process-

ng may contribute to poor cognitive and behavioural outcomes
e.g., too fast or too slow response times, unintentional injuries,
otor vehicle accidents), since this ability permits successful
daptation to temporal constraints of the environment. However,

emporal information processing is a multidimensional construct
hat has spurred the development of a wide variety of methods
esigned to quantify the purported component abilities, mak-

ng it difficult to integrate findings across studies of temporal
nformation processing in the field of ADHD.
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Our main objectives in this paper are to: (1) summarize
temporal information processing has been examined in AD
and relevant issues, such as subtype and comorbidity,
cation effects, and theoretical conceptualizations of tem
information processing in ADHD, (2) to provide an overview
neural substrates relevant to understanding temporal inform
processing in ADHD, and (3) to highlight promising meth
that afford greater precision of measurement and integrati
findings from cognitive/behavioural, neuroimaging, and p
macological approaches for understanding temporal inform
processing in ADHD.

1. Temporal information processing: overview

The processing of time-related information is an essentia
of our moment to moment functioning, and consequently,
everyday functioning. No specialized sensory system or rec
has been uncovered to explain the experience of time (Fraisse
1984; Lalonde and Hannequin, 1999). The processing of time
related information clearly spans and impacts many leve
165-0270/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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analysis, from simply perceiving the passing of one moment to
the next, to higher level cognitive processes, such as planning. In
the current paper, temporal information processing includes the
ability to discriminate between brief time intervals that differ in
the order of milliseconds to seconds (duration discrimination),
to judge the separability of two stimuli separated by brief time
periods (temporal judgement), to produce specified time peri-
ods with great precision (duration production and reproduction),
to estimate the duration of a specific event or stimulus (verbal
estimation), to predict the onset of a forthcoming event or stim-
ulus (anticipation), and to tap consistently at a self-determined
or specified rate (finger tapping).Fig. 1 displays a visual
description of these different temporal information processing
tasks.

The classes of tasks we examine here all include the pro-
cessing of duration or intervals. Three broad classes of interval
timing models and mechanisms have been proposed, includ-
ing pacemaker-accumulator models, process-delay models, and
oscillator/coincidence detection models (Matell and Meck,
2000). Each of these classes of models is characterized by
different psychological mechanisms and map differently onto
neurobiological mechanisms. All of these internal clock mod-
els include a clock component, a memory component, and a
decision-comparison component. That is, there needs to be a
mechanism to count intervals, to store interval information, and
to compare different intervals.
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as a clock as it produces temporal values that capture the serial
progression of real time. The gating mechanism permits output
from the pacemaker to reach conscious awareness. The accumu-
lator keeps track and represents temporal information. The speed
of the pacemaker is subject to arousal levels, as higher arousal
speeds up the pacemaker, while lower arousal slows down the
speed. Selective attention is thought to be an important determi-
nant of whether the gating mechanism will “open” to allow the
output from the pacemaker to become conscious. Importantly,
a “closed” gate does not mean that temporal processing is not
occurring, rather that sensory and motor systems are proceed-
ing to use this information for behaviours that do not require
an explicit representation of time (that is, best conceptualized
as an unconscious clock). The accumulator may be conceptual-
ized as a working memory buffer that maintains and keeps the
most recent representation of time explicit, but also performs
an updating function concurrently. Some important predictions
arise from the attentional-gate model (Mangels and Ivry, 2001).
First, for intervals that exceed sensory and motor processing (that
is, that pass the threshold into conscious processing), greater
demands are placed on sustained attention and working memory.
Namely,Ivry (1996)has suggested that short intervals (millisec-
onds) may be more related to an internal timing mechanism
while long intervals (seconds) may be more related to working
memory. Another prediction from the attentional-gate model is
that any concurrent non-temporal task diverts resources from
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The attentional-gate model (Block, 1990; Zakay and Bloc
996a,b) is an example of a pacemaker-accumulator mode
more complete description of this theory, seeZakay and Block
996b). Another pacemaker-accumulator model is the sc
xpectancy theory (SET), which was originally developed a
nimal model, and then adapted into the attentional-gate m

o explain timing in humans (Mangels and Ivry, 2001). In the
ttentional-gate model, there is a pacemaker, a gating m
ism, and an accumulator. The pacemaker is best charact

ig. 1. Temporal information processing tasks. (a) Duration perception, (b
f the reproduction task, except that no duration has been modeled for th
r

l
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he gating mechanism, resulting in a slower and more var
ccumulation of temporal information (Mangels and Ivry, 2001).
hat is, an alternative non-temporal task would divert resou

rom attending to time. A third prediction by the attention
ate model is that top-down processes, such as strategy u

acilitate temporal performance (Mangels and Ivry, 2001). For
xample, at durations greater than 1 s, it would be more l
hat counting strategies could be used to obtain more acc
ime estimates (Lalonde and Hannequin, 1999).

d/uncued tapping task (verbal production and estimation may be regarded as a varian
rticipant), (c) duration reproduction, and (d) anticipation task.
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Links across different levels of processing of temporal infor-
mation have been suggested, specifically between short-term
time perception and the circadian pacemaker (Kuriyama et al.,
2003). There is, however, controversy over whether these differ-
ent levels of temporal processing are guided by a single central
timekeeping mechanism or whether there are multiple time-
keeping mechanisms (Grondin, 2001). Weber’s law is a core
component ofGibbon’s (1991) scalar timing theory, which is
likely the most developed and cited model of timing, yet Weber’s
model may have applicability to only a limited range of dura-
tions in human timing theories (Grondin, 2001). Many lines
of research suggest that two distinct timing mechanisms are
involved in human temporal information processing, specifi-
cally a sensory mechanism for processing of durations in the
range of milliseconds and a cognitively controlled mechanism
for the processing of longer durations, such as working mem-
ory (Rammsayer and Ulrich, 2005). Recent investigation of this
question has reported evidence against two qualitatively dis-
tinct timing mechanisms, but rather obtained support for a more
attention-based cognitive model of human timing (Rammsayer
and Ulrich, 2005).

2. Empirical evidence of temporal information
processing deficits in ADHD

Clinical reports and observations also indicate that individ-
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using both auditory and visual modalities (Radonovich and
Mostofsky, 2004; Rubia et al., 2003; Smith et al., 2002; Toplak
et al., 2003; child sample only;Toplak and Tannock, 2005b).
This was not replicated in an adolescent sample (Toplak et al.,
2003), as only adolescents with ADHD and comorbid reading
disorder (ADHD + RD) had higher thresholds on the 400 ms tar-
get duration, andRadonovich and Mostofsky (2004)did not
obtain significant group differences on the 550 ms target dura-
tion between children with ADHD and controls.Rubia et al.
(1999b)also reported no group differences in their child sample,
but the ADHD group displayed significantly more variability
than the control group (Rubia et al., 1999b). Modality (visual or
auditory) may be an important variable, asToplak and Tannock
(2005b)report significant group differences with considerably
higher effect sizes in visual than in auditory duration discrimi-
nation performance in adolescents with ADHD than in healthy
controls. Therefore, more studies than not have reported dura-
tion discrimination differences in ADHD and control samples,
however, it should be noted that this generalization must be inter-
preted cautiously, as different methods and modalities have been
used in these tasks.

There have been single studies to examine performance on
temporal judgement and psychoacoustic tasks. Temporal judge-
ment involves discriminating whether two stimuli are percepti-
bly the same or different, that is, participants are asked whether
they heard one or two stimuli. The one study byBrown and
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als with ADHD have marked difficulties in conforming
irections containing time parameters (Maté, 1999). However
uch anecdotes appear to refer to very different time frame
ontexts to this under consideration herein. Temporal info
ion processing has been reported to be impaired in stud
DHD samples (for example,Barkley et al., 1997, 2001a,
arkley, 1997a, 1998; Bauermeister et al., 2005; Breier e
003; Kerns et al., 2001; McGee et al., 2004; Mullins et
005; Radonovich and Mostofsky, 2004; Rubia et al., 2
mith et al., 2002; Sonuga-Barke et al., 1998; Tiffin-Rich
t al., 2004; Toplak and Tannock, 2005a,b; Toplak et al., 2
an Meel et al., 2005; West et al., 2000), although findings ar
ot always consistent (seeTable 1). Most of these studies ha
een conducted in child samples, but some report data in

escents (Barkley et al., 2001a,b; Rubia et al., 1999a; Topla
nd Tannock, 2005a,b; Toplak et al., 2003) and some in adul
Barkley et al., 2001b; Seri et al., 2001).

Six studies to date have examinedduration discrimination in
DHD samples. Duration discrimination is the typical met
sed to measure time perception, and involves the compa
f two brief intervals similar in duration (such as, 500 ms ve
00 ms) to determine which is the longest or shortest. The s

cance of using duration discrimination tasks is that they m
urely assess the cognitive aspects of time, and the imp
otor control or timing is minimized. Different methods ha
een used to examine duration discrimination performan
DHD, including a combination of adaptive procedures

asks with a fixed set of trials. However, irrespective of dif
nces in methodology, five of these six studies reported
hildren with ADHD had higher duration discrimination thre
lds, including 200 ms, 400 ms, 1 s, 4 s, and 5 s duration ta
d
-
f

,

;

-

n

-

f

t

s

ickers (2004)did not report any group differences betwe
DHD and controls. On a set ofpsychoacoustic tasks, Breier et
l. (2003)examined the perception of auditory temporal cue
onspeech stimuli in children with ADHD, RD, ADHD + R
nd controls. They reported that the ADHD groups display
eneral reduction in performance across all of the psychoa

ic tasks, but that more specific group differences were obta
ith children with RD. Of course, further replication will
eeded of these single studies to generalize these finding

One study has examinedduration production, but most of the
ork examining temporal information processing in ADHD

nvolvedduration reproduction tasks (13 studies). Both metho
dd a motor component that is not involved in duration discr
ation. In duration production, participants are asked to pro
duration specified by the examiner (e.g., “tell me when a m
as passed”), by holding down a response key for that time p
r simply responding verbally to indicate the end of the s

fied interval. Thus, this method requires an understandin
he verbal time concept (e.g., ‘a minute’) as well as its tr
ation into an action: children with ADHD are reportedly le
ccurate producing 1 s durations than are controls. By con
uration reproduction tasks require the individual to reprodu
odeled interval of time. The duration reproduction paradi
ave used very long durations, up to 60 s, suggesting tha

ask is adding sustained attention and/or working memory
onents as well as a motor component. Also, many of t
tudies involve reproduction of visually presented stimuli.
ut one of the duration reproduction studies report some g
ifferences between ADHD and controls: typically that indiv
als with ADHD display more discrepant reproductions (o
nderestimations).
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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 3 s vs. 5 s ADHD group made more time estimation errors than

controls
Rubia et al. (1999b) Visual task 3 s vs. 5 s No group differences

ADHD group displayed significantly more variability
than controls

Smith et al. (2002) Visual and auditory cues 1 s target duration ADHD group had larger discrimination thresholds than
controls

Toplak et al. (2003) Auditory 400 ms target duration 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

Radonovich and Mostofsky (2004)Auditory 550 ms, 4 s ADHD group had significantly higher thresholds than
controls on 4 s duration, but not on 550 ms or control
judgement of pitch task

Toplak and Tannock (2005b) Auditory and visual 200 and 1000 ms target
duration

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

Temporal judgement (simultaneous/different)
Brown and Vickers (2004) Visual – No group differences

Psychoacoustic tasks
Breier et al. (2003) Auditory 32–512 ms 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

Duration production
Van Meel et al. (2005) Auditory 1 s ADHD group less accurate than controls

Duration reproduction
Barkley et al. (2001a,b) Electronic stopwatch 2, 4, 12, 15, 45, and 60 s ADHD + ODD group made larger errors
Barkley et al. (1997) Visual task 12, 24, 36, 48, and 60 s ADHD group made larger errors than controls
Barkley et al. (2001a,b) Presented on stopwatch 2, 4, 12, 15, 45, and 60 s ADHD group performed worse, and effect persisted

after IQ was controlled
Bauermeister et al. (2005) Visual 6, 10, 13, 18, 25, and 33 s No group differences
Dooling-Litfin (1997) Stopwatch Intervals between 2 and 60 s ADHD group made more errors than controls
Kerns et al. (2001) Visual 3, 5, 6, 9, 12, and 17 s ADHD group made larger errors than controls,

especially as the duration increased
ADHD group tended to underestimate target duration

McInerney and Kerns (2003) Visual 3, 5, 6, 9, 12, and 17 s ADHD group made larger errors than controls in both
conditions, especially as the duration increased

Meaux and Chelonis (2003) Visual 3, 6, 12, and 24 s ADHD group gave more discrepant reproductions,
especially with increasing durations

Mullins et al. (2005) Visual 2, 4, 6, 8, 10, 12, 24, 36, 48,
and 60 s

ADHD group performed worse than controls

Seri et al. (2001) Visual 3, 6, 12, and 24 s Males with ADHD had significantly more discrepant
scores than females with ADHD and controls

Smith et al. (2002) Visual 5 and 12 s targets 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

Toplak et al. (2003) Auditory 400 ms, 2 s, and 6 s targets ADHD groups displayed significant intra-individual
variability

West et al. (2000) Visual and auditory 500 ms; 2, 3, 4, and 6 s ADHD group worse on visual task than controls, but no
differences on auditory task
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Table 1 (Continued)

Reference Modality Durations Results

Verbal estimation
Barkley et al. (2001a,b) Electronic stopwatch 2, 4, 12, 15, 45, and 60 s No group differences
Barkley et al. (2001a,b) Electronic stopwatch 2, 4, 12, 15, 45, and 60 s ADHD group performed worse than controls, but effect

disappeared after IQ was controlled
Bauermeister et al. (2005) Visual 6, 10, 13, 18, 25, and 33 s ADHD group had larger absolute discrepancy scores

than comparison controls
McGee et al. (2004) Stopwatch for prospective 30 s and approx. 14 min ADHD group overestimated retrospective judgement

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

Meaux and Chelonis (2003) Visual 3, 6, 12, and 24 s No group differences
Smith et al. (2002) Stopwatch 10 s No group differences

Anticipation tasks
Rubia et al. (2003) Motor timing visual task 6 s No group differences on anticipation times

ADHD and community hyperactives were more variable
and made significantly more errors than controls

Rubia et al. (1999b) Visual anticipation task 6 s No group differences
ADHD group significantly more variable and made
more impulsive errors than controls

Sonuga-Barke et al. (1998) Visual motor timing task in
signalled and unsignalled
conditions

5 and 15 s 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

Toplak and Tannock (2005a) Visual anticipation task in
signalled and unsignalled
conditions

400 ms and 1 s ADHD group less accurate in signalled and unsignalled
trials than controls

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

auditory synchronized tapping
167 ms, 200 ms, 250 ms,
286 ms, 333 ms, 400 ms,
500 ms, and 1 s

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

Pitcher et al. (2002) Auditory synchronized tapping 300 ms ADHD-Inattentive and ADHD-combined had
significantly longer RTs than controls

Rubia et al. (2003) Tapping at self-chosen pace Self-paced No group differences in speed of tapping
ADHD group significantly more variable than controls

Visual synchronized tapping 700 ms pace No group differences for mean synchronization times
ADHD and community hyperactives were significantly
more variable than controls

Rubia et al. (1999a) Visual synchronized tapping 600 ms and 5 s No group differences
Rubia et al. (2001) Visual synchronized tapping 700 ms ADHD group more variable in time lengths than

psychiatric controls
Visual synchronized tapping 5 s No group differences

Rubia et al. (1999b) Tapping at self-chosen pace Self-paced No group differences
Hyperactive group significantly more variable than
controls

Visual synchronized tapping 400 ms, 500 ms, 700 ms,
1.2 s, and 1.8 s

No group differences
ADHD group displayed significantly more variability
than controls

Tiffin-Richards et al. (2004) Free tapping, auditory
synchronized and unpaced
tapping, and simple and
complex rhythmic tapping

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

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

Toplak and Tannock (2005a) Visual and auditory
synchronized and unpaced
tapping

400 and 1000 ms ADHD group displayed significantly more
intra-individual variability than controls on unpaced
visual 1000 ms tapping task

Verbal estimation tasks typically involve demonstrating or
modeling to the participant a particular duration (e.g., by turn-
ing on a light for that duration) and asking the participant to
verbally estimate the length of the demonstrated duration. Of the

six studies conducted, three studies reported significant group
differences (Barkley et al., 2001b; Bauermeister et al., 2005;
McGee et al., 2004). One study that did report a group differ-
ence found that this effect disappeared when IQ was controlled



20 M.E. Toplak et al. / Journal of Neuroscience Methods 151 (2006) 15–29

(Barkley et al., 2001b). The other two studies that reported sig-
nificant group differences used intervals that ranged from 6 s to
14 min.

Anticipation tasks involve perception and motor production
components. A typical anticipation task is often presented in a
game-like format, in which a series of stimuli are presented at
a predetermined rate and the participant must learn to predict
and respond upon the stimulus onset. Anticipatory responding
requires maintenance of an internal representation of the critical
durations in order to anticipate the impending stimulus and to
execute a response precisely at the point of its occurrence. Of
the four studies reported, two studies reported significant differ-
ences between children with ADHD and controls (Sonuga-Barke
et al., 1998; Toplak and Tannock, 2005a), while the other two
studies reported no significant group differences in performance,
but that children with ADHD displayed significantly more vari-
ability in performance than controls (Rubia et al., 1999b, 2003).

Finger tapping tasks are also a form of motor reproduction.
Variants of this task include tapping at a self-selected pace (free
tapping), tapping along with an externally paced stimulus (syn-
chronized tapping), which may include a continuation phase
that participants are to keep tapping without the stimuli, and
tapping to an externally paced rhythmic sequence. Of the sets
of tasks described, the most marked methodological differences
are apparent in tapping tasks. Within each of these tasks, there
are differences in modality presentation (visual, auditory, or
b , an
t intra
i ant
d 3
a
s from
4 HD
s with
A ual
a l.,
2 ping
t
h ny
w roup
d plex
r
d , it i
i ce in
A por
g r-
m anc
m

atio
a rma
t r of
s t po
s es i
m thu
f cros
m rma-
t dif-

ferences on duration discrimination (5/6), duration reproduction
(12/13), and finger tapping tasks (7/8). Fewer group differences
have been obtained on verbal estimation (3/6) and anticipation
tasks (2/4). Based on this amalgamation and summary of stud-
ies, some of the following should be taken into account in future
studies on temporal information processing in ADHD:

1. Consideration should be given to systematic research and
standardization of methods, such as comparing discrete and
adaptive procedures, and including a more consistent number
of trials across studies.

2. Studies should systematically examine the role of modality
and length of duration. While most studies have examined
performance using visual tasks and have reported significant
group differences, it will be important to compare the same
methods using different modalities to determine whether
modality is an important variable in ADHD. Similarly, length
of duration is an important variable from the standpoint of
temporal information processing and ADHD, with important
implications. Most studies have examined durations larger
than a few seconds, but performance on shorter duration
tasks will assist in discerning whether any deficits in tempo-
ral information processing are attributable to a basic timing
mechanism or to working memory processes.

3. In addition to the diversity in experimental manipulations,
it is important to conduct task analyses. Specifically, it is
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he dependent measure (whole group variability versus
ndividual variability). Many studies have reported signific
ifferences in group variability (Rubia et al., 1999b, 2001, 200)
nd intra-individual variability (Toplak and Tannock, 2005a) on
elf-paced and visual tapping tasks ranging in intervals
00 ms to 1.8 s. Two of the eight studies conducted in AD
amples reported less optimal performance in children
DHD than in controls using externally paced stimuli in vis
nd auditory modalities (Ben-Pazi et al., 2003; Pitcher et a
002). When stimulus rate was altered within the same tap

ask, Ben-Pazi et al. (2003)found that children with ADHD
ad difficulty modifying their tapping rate to be in synchro
ith the stimulus. Then, one study reported no significant g
ifferences between ADHD and control groups on a com
hythm tapping task (Tiffin-Richards et al., 2004). Given the
ifferences in the types of methods that have been used

mpossible to draw conclusions about tapping performan
DHD samples. However, at least half of these studies re
reater intra-individual or within group variability of perfo
ance than controls, suggesting that finger tapping perform
ay be impaired in ADHD.
To summarize, clearly, there needs to be more standardiz

nd consistency in the methods used to study temporal info
ion processing in ADHD and control samples. A fair numbe
tudies have examined these phenomena, and while it is no
ible to use any meta-analytic methods given the differenc
ethods, it is useful at this point to examine general trends

ar in order to set the stage for further research. Collapsing a
ethodological differences, many studies of temporal info
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important to isolate which tasks are primarily percep
(i.e., duration discrimination), which add an additional m
component, and any additional task demands that may
an additive effect on performance, such as verbal estima
where participants must not only estimate but produce a
bal response.

. Many studies on temporal information processing in AD
report significant variability of performance of performa
in ADHD groups relative to controls. Importantly, intr
individual variability is the proper index for measuring t
ping performance (Ivry, 1997). Future studies must be ca
tious about separating variability on tapping performa
from the general performance variability that is found
virtually all cognitive tasks in ADHD samples.

n alternative hypothesis to temporal information proc
ng deficits to consider in ADHD is that differences may
ttributable to executive function processes.

.1. Temporal information processing or executive
unction?

Barkley’s (1998) model proposes that temporal informa
rocessing deficits are part of the general behavioural in

ion and executive deficits observed in ADHD. Some stu
ave examined associations between temporal information
essing, attention, working memory, and inhibition in ADH
erns et al. (2001)reported a significant positive associat
etween performance on a measure of attention (contin
erformance test) and a duration reproduction task, but rep
ixed results on the relationships between duration reprodu
nd inhibitory control. Specifically, they obtained a signific
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positive association between performance on a go/no go task and
a duration reproduction task, but not between a Stroop interfer-
ence task and the same duration reproduction task. In a similar
study,McInerney and Kerns (2003)obtained significant asso-
ciations between duration reproduction on a visual task with
working memory and inhibitory control (the stop task). In a
sample of adolescents with ADHD or ADHD + RD, only verbal
short-term memory (digit span forwards), not verbal working
memory, was found to predict performance on a duration dis-
crimination task with a 400 ms target (Toplak et al., 2003).
Mullins et al. (2005)reported an association between sustained
attention and time reproduction. Also,Bauermeister et al. (2005)
found that measures of interference or inhibitory control and
nonverbal working memory predicted performance on a duration
reproduction task, but notably their durations to be reproduced
ranged from 6 to 33 s. In another study, children’s performance
on a verbal short-term and working memory measure was found
to be unrelated to duration discrimination with a 1000 ms tar-
get (Smith et al., 2002), and children’s performance on a visual
spatial working memory task was unrelated to duration repro-
duction performance with targets ranging from 3 to 17 s (Kerns
et al., 2001). Notably, many of these studies have examined
durations greater than a few seconds, in which time researchers
acknowledge the role of higher level cognitive processes, such as
working memory (Ivry, 1996). Two strategies will prove useful
to understanding the separability between basic timing deficits
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genetic etiology (Pennington et al., 1993; Willcutt et al., 2000,
2001). There is also an extensive literature on timing deficits
in reading disabilities (Wolf, 1999, 2001), originating from the
work of Tallal (1980, 1984)who proposed that deficits in RD
arise due to the ability to efficiently process the rapid presenta-
tion of auditory stimuli (Tallal, 1980). To date, there has been
a range of processes associated with timing deficits in reading
disabled individuals, including, a general slowness in process-
ing speed (Fawcett and Nicolson, 2001), rapid naming deficits
(Manis and Freedman, 2001), successive/sequential processing
deficits (Farmer and Klein, 1995), and duration discrimination
deficits (Nicolson et al., 1995). The hypothesized link between
timing deficits and reading disability has been come to be termed
as the “cerebellar deficit hypothesis” (Nicolson et al., 2001),
as some research has also suggested that reading disability is
associated with abnormal cerebellar activation and functioning
(Fawcett et al., 1996; Nicolson et al., 1999, 2002). One hypoth-
esis has been that impairments on verbal memory tasks may
explain how cerebellar functions contribute to reading disability
(Ivry and Fiez, 2000). One study on duration discrimination in
ADHD has included participants with comorbid reading diffi-
culties (Toplak et al., 2003), and most of the deficits observed
were in the comorbid ADHD + RD group.Tiffin-Richards et al.
(2004) also found that children with RD displayed difficulty
with complex rhythm tapping, but not children with ADHD.
Then, Breier et al. (2003)found that children with RD dis-
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nd other executive processes in ADHD and control sam
ncluding using more basic timing paradigms and shorter d
ions (<1 s), and using statistical procedures to parse the va
ttributable to basic timing differences and executive proce
ore studies and replication are needed to more fully re
ossible associations between attention, memory, and inhi
rocesses in normative and ADHD samples.

.2. Subtype and comorbidity

Few studies have examined the influence of subtype
omorbidity on temporal information processing in ADH
ymptoms of inattention or hyperactivity and impulsivity m
e predicted to affect temporal processing, as neurops

ogical impairments tend to be associated with inatten
Chhabildas et al., 2001) and impulsive tendencies may bo
ive rise to temporal information processing difficulties. So
ullins et al. (2005)reported that their combined ADHD gro
as significantly more variable in their time reproducti

elative to the inattentive ADHD group, butBauermeiste
t al. (2005)did not report significant differences betwe

heir inattentive and combined ADHD groups on a dura
eproduction task.

The presence of comorbid disorders on temporal info
ion processing has also been examined.Barkley et al. (2001a
eported that oppositional defiant disorder and depression s
omology did not affect time perception performance, but l
f anxiety made an additional contribution to ADHD sympto
Barkley et al., 2001a,b). The presence of reading disabilities
articularly important to consider, as there has been some
lation whether these two particular disorders share a com
,
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layed deficits in specific psychoacoustic tasks, but children
DHD displayed a general reduction in performance acros

asks. It will be important to consider reading disabilities in s
es examining temporal information processing in ADHD.

.3. Medication effects

The few available studies to address whether temporal i
ation processing is influenced by psychostimulants or o
sychotropic drugs used to treat ADHD have failed to find
ffects of medication on time production (Baldwin et al., 2004),

ime reproduction (Barkley et al., 1997), or on free tapping
ynchronized tapping, anticipation, or duration discrimina
erformance (Rubia et al., 2003). Stimulant medication wa
eported to reduce variability of performance and numbe
mpulsive errors on an anticipation task (Rubia et al., 2003) and
educed variability on time production (Baldwin et al., 2004),
owever we know that stimulant medication tends to red
ariability of performance and impulsive errors on many c
itive tasks. At this point, it is unclear how or why stimul
edication was found to impact performance on these t
nd whether there is any specificity in acting on temporal in
ation processing. Therefore, further investigation of temp

nformation processing deficits in ADHD will have importa
mplications for understanding the neural effects of psychs
lant medication.

.4. Motivation and contingencies

Some studies have examined the impact of motivation
ontingencies on temporal information processing performa
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Stevens et al. (1970)found that children with ADHD tapped
slower than controls in a speeded condition and in a speeded con-
dition with a reward on a self-paced tapping task.McInerney and
Kerns (2003)examined duration reproduction in children using
two versions of a visual task, one simply involving reproduc-
tion and an enhanced version in which participants could win a
prize for improved performance. They found that children with
ADHD performed better in the enhanced than regular version of
the time reproduction task, but their performance did not reach
the level of the comparison controls. Similarly,Van Meel et al.
(2005)reported that while monetary rewards and response costs
ameliorated performance for children with and without ADHD,
these motivational manipulations did not eliminate the group
difference in time production performance. Overall, while the
impact of motivation may ameliorate performance, as demon-
strated in some of these studies, it does not seem to account for
the entirety of group differences.

2.5. Temporal information processing and models of ADHD

The idea of temporal information processing deficits in
ADHD is consistent with current models of ADHD, including:
models of behavioural inhibition or inhibitory control (Barkley,
1997a,b; Rubia et al., 2001; Schachar et al., 2000), dual path-
way models (Sonuga-Barke, 2002, 2003), models of regula-
tory/control processing dysfunction (Douglas, 1999), and mod-
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processing measures (Rubia et al., 1999b). However, it has been
argued that the differences between ADHD and comparison
control samples on temporal information processing measures,
especially performance on duration discrimination tasks, is not
likely to be simply due to organization of motor output (Douglas,
1999). These different theoretical accounts highlight the differ-
ent processes thought to be affected by temporal information
processing performance in ADHD, including executive pro-
cesses, motivational processes, arousal and energetic resources,
and motor output.

3. Neural substrates of temporal information processing

It is only relatively recently that developments in the neuro-
sciences have implicated the cerebellum and basal ganglia with
cognitive functions, such as timing (Harrington et al., 1998a;
Ivry and Fiez, 2000). We now know that temporal information
processing is a complex cognitive activity that comprises mul-
tiple component processes and engages multiple brain regions,
including the cerebellum, basal ganglia and prefrontal cortex
(e.g.,Casini and Ivry, 1999; Gibbon et al., 1997; Harrington
et al., 1998a,b; Ivry and Fiez, 2000; Ivry and Hazeltine, 1995;
Ivry and Keele, 1989; Jueptner et al., 1995, 1996; Mangels et
al., 1998; Meck, 1996; Nichelli, 1996; Nichelli et al., 1996).
Research supports the idea that each of these neural regions
may modulate particular components of timing and therefore
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l., 1999a,b; Sergeant and van der Meere, 1994, 2000). All of

hese theories, however, provide different accounts of the de
eported in these studies. Most models of ADHD conceptu
DHD as a disorder of executive function, or “frontal lob
yndrome.

The most common model of behavioural inhibition
rgued that poor inhibition and interference control affect w

ng memory, which consequently affects temporal proces
Barkley et al., 2001b). According to the delay aversion mod
he primary deficit in ADHD is a preference for an immed
eward, or an aversion to delay (Sonuga-Barke et al., 1992a,).
onuga-Barke et al. (1998)utilized this model to explain chi
ren with ADHD’s tendency to underestimate time interva
n anticipation task (Sonuga-Barke et al., 1998). Others who
ave reported differences between ADHD and control s
les on reproduction tasks at longer durations (such as
ave found that children with ADHD have significantly m
nderestimations than overestimations, and this line of evid
as also been taken as support for the delay aversion m
Smith et al., 2002). The regulatory/control processing dysfu
ion model (Douglas, 1999; Sergeant, 2005) suggests that th
ariable performance observed in ADHD is at least partly
o a deficient allocation of energetic resources. That is, chi
ith ADHD, for some unknown reason, are unable to main
ptimal arousal and activation levels. This is one theory tha
een used to explain the slower and more variable respons
encies of individuals with ADHD (Leth-Steensen et al., 200),
nd the impact of motivation and contingencies on perform
Sergeant, 2005). Impairments in motor output have been u
o explain poor performance observed on temporal inform
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heir importance to time perception may vary depending o
pecific temporal demands of a given timing task.

.1. Cerebellum

Traditionally, the cerebellum has been viewed as the key
f the motor system, with responsibilities including the co
ination of skilled movement, motor learning, and the con
f balance. Early work in the study of temporal informat
rocessing focused on the animal model of the conditi
yeblink response. Numerous studies investigating this
omenon demonstrated that the cerebellar cortex is importa

he timing of this response (for a review see:Perrett, 1998). Stud-
es of temporal information processing in healthy adults h
lso shown that the cerebellum can be critical in the estab
ent and execution of timed movements (Ivry and Gopal, 1993

vry et al., 1988; Kawashima et al., 2000; Timmann et al., 1
opka et al., 1993). Recent examinations of individuals w
erebellar lesions suggests that the cerebellum may be c
or accurate movement timing when there is an explicit, ev
ased temporal goal, such as finger tapping to a cue (Spencer an

vry, 2005), but not for movements that are continuous with
efined temporal boundaries such as continuous circle-dra
Spencer et al., 2003). In addition to aspects of motor timin
he cerebellum is implicated in the control of attention (Tesche
nd Karhu, 2000), error detection and learning (Drepper et al.
999; Fiez et al., 1992), and covert action and imagery (Ivry
nd Fiez, 2000); notably, often when there is no motor com
ent to the task. Duration discrimination tasks involve cereb
ctivation (Mathiak et al., 2004) and are compromised wi
erebellar dysfunction (Hetherington et al., 2000; Ivry, 1997).
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Patients with cerebellar lesions show poor acuity on perceptual
tasks that require precise timing, including duration discrimina-
tion (e.g.,Casini and Ivry, 1999; Ivry and Keele, 1989; Mangels
et al., 1998). While performance on these tasks have been asso-
ciated with cerebellar integrity, performance on some of these
tasks have also been associated with one another, for example,
duration perception has been found to be associated with fin-
ger tapping (Keele et al., 1985), leading to the conjecture that
these tasks may all be proxies for a specific timing process in
which the cerebellum is critical. Length of duration must be con-
sidered as an important variable that may affect whether these
tasks reflect common or separable processes. For instance, cere-
bellar damage impairs the ability to discriminate time intervals
in the millisecond to second range whereas prefrontal damage
causes deficits in temporal discrimination only in the range of
seconds (Mangels et al., 1998). Given that cerebellar patients
do not show perceptual deficits on non-temporal tasks, such as
those requiring frequency discrimination, the cerebellum may
be specific to those tasks that require a precise internal repre-
sentation of the fine timing between events (Casini and Ivry,
1999), even in the absence of a motoric response.

3.2. Basal ganglia

The basal ganglia have typically been associated with the
control of posture and movement (Crossman and Neary, 2002)
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3.3. Prefrontal cortex

Several studies suggest that when longer time intervals are
attended to, working memory functions overshadow pure timing
processes, thus, delegating the frontal lobe the ‘collector’ within
an internal clock model; a role which is necessary for durations
that require sustained attention or information to be held online.
The prefrontal cortex (PFC), especially the right hemisphere, is
implicated in such time processes. Most of the evidence indicat-
ing that PFC function mediates temporal information processing
abilities for long interval estimates pertains to duration discrimi-
nation tasks. Rat studies have shown that the PFC is necessary for
temporal discrimination of interval-timing in the seconds range
(Dietrich and Allen, 1998; Onoda et al., 2003). Memory-timed
finger-tapping, but notcued-tapping, at 1.5 Hz evoked right PFC
activation in healthy humans (Kawashima et al., 2000). Sev-
eral studies revealed that frontal lobe patients with lateral PFC
lesions were impaired on long interval duration discrimination
(Rao et al., 2001) but not on short intervals (Mangels et al.,
1998). However, individuals with right dorsolateral PFC lesions
showed a deficit in discriminating time intervals between 300
and 600 ms (Harrington et al., 1998a).

While the cerebellum, basal ganglia, and prefrontal cortex
have all been implicated in temporal information processing, it
is also essential to understand that their contributions are not
modular, and that these different regions can interact during
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ut appear to also mediate temporal information processes
asal ganglia are composed of the corpus striatum (put
nd globus pallidus), substantia nigra, and subthalamic n
Kiernan, 1998). The animal literature implicates both the st
um and substantia nigra in interval-timing functions. In r
esions of the substantia nigra or striatum block the abilit
iscriminate timed intervals while treatment with a dopam
gonist normalizes timing accuracy (Meck, 1996). Most of the
uman data implicating the basal ganglia in timing derive f
tudies of patients with Parkinson’s disease, which is a dege
ive disease affecting this collection of structures. Dopamine
epletion in the substantia nigra precipitates motor dysfun

n those with Parkinson’s disease (Kiernan, 1998). As the diseas
rogresses, it affects striatal function thought to have both m
nd cognitive components.Harrington et al. (1998a)examined

emporal information processing in a sample of patients
arkinson’s disease and a sample of controls. Patients
arkinson’s disease performed worse than controls on a du
iscrimination task. The patients’ performances improved
iderable when they were given dopaminergic agonists (O’Boyle
t al., 1996). Akin to the cerebellum, the basal ganglia may
ostly involved in specific aspects of temporal processing

nstance, the basal ganglia seem critical for accurate time
ation (Nenandic et al., 2003) but not for accurate moveme

iming (Aparicio et al., 2005; Shin et al., 2005; Spencer and
005).

It has been hypothesized that both the cerebellum (via
rocerebellar pathways) and the basal ganglia (via corticost
athways) are part of a larger time perception network in w

hey have prerequisite connections with temporal processe
ccur in the prefrontal cortex (Ivry and Fiez, 2000).
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emporal information processing. For example, there have
everal speculations on the link between cerebellar and fr
rocesses in timing (Mangels et al., 1998), including the pos
ibilities that: the frontal and cerebellar regions both ass
iming functions, that the prefrontal cortex may not be i
rally involved in timing, but may support the maintenan
onitoring, and organization of temporal information, or

iming deficits may arise because of broader executive co
eficits. However, research with cerebellar patients (Casini and

vry, 1999; Mangels et al., 1998) and the neuroimaging fin
ngs in ADHD (Castellanos et al., 2001) suggest that man
iming impairments originate from the cerebellum, and tha
refrontal cortex may manage resources for acquiring and m

aining temporal information (Casini and Ivry, 1999; Mange
t al., 1998).

. ADHD and relevant neural substrates for temporal
nformation processing

The PFC is commonly associated with ADHD, howe
here are prominent neural differences in a number of a
etween individuals with ADHD and controls, including, v
metric decreases in the posterior–inferior lobules of the
ellar vermis in both male and female children with ADH
Castellanos et al., 1996, 2001, 2002; Mostofsky et al., 199) as
ell as decreases in prefrontal volume, particularly the right

Castellanos et al., 1996; Mostofsky et al., 2002) and increase
n metabolism in the PFC (Spalletta et al., 2001). There is an
bundance of literature suggesting a link between the prefr
ortex and executive functions, which has resulted in the
eptualization of ADHD as a frontal lobe disorder (Barkley,
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1998; Carte et al., 1996; Yeo et al., 2003). Some of the exec-
utive functions believed to be mediated by the frontal lobes
include the temporal organization of behaviour, such as pre-
planning and monitoring requisite events, and finger tapping
(Rubia et al., 1999b). While most studies have reported anoma-
lies in the frontal lobe in ADHD, of particular relevance are
the recent findings from neuroimaging studies of ADHD of
structural anomalies in the cerebellum and basal ganglia (e.g.,
Berquin et al., 1998; Castellanos et al., 1996, 2001; Giedd et al.,
2001; Mostofsky et al., 1998; Semrud-Clikeman et al., 2000). In
the cerebellar midline, investigators reported decreased steady-
state blood flow in highly hyperactive children with ADHD
which subsequently increased when given methylphenidate,
a dopaminergic and noradrenergic agonist (Anderson et al.,
2002). In the basal ganglia, lesions of the ventral putamen
increased the diagnosis of ADHD in children, particularly of
the inattentive-subtype (Max et al., 2002) and several studies
indicated metabolic increases in the striatum in highly hyper-
active children with ADHD that decreased in the presence of
methylphenidate (Lee et al., 2004; Teicher et al., 2000).

To date,Castellanos et al. (2002)have conducted the largest
prospective, longitudinal neuroimaging study to date of chil-
dren and adolescents with ADHD, allowing them to exam-
ine the effects of gender, age, and stimulant medication. They
reported that participants with ADHD had significantly smaller
cerebral volumes and smaller cerebellar volumes than controls
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It was concluded that cerebellar dysfunction may contribute to
problems involving timing that are often associated with the
“prefrontal” syndrome of ADHD, such as, impaired time man-
agement, inability to judge durations of time needed to complete
tasks, and inability to hold in mind future consequences and
present actions at the same time.

While cognitive neuropsychologists may assume anatomical
modularity (Coltheart, 2001), there are a number of reasons why
this may not hold true in tasks associated with temporal informa-
tion processing, especially in clinical samples. For example, the
association between temporal information processing and work-
ing memory was demonstrated consistently in adolescents with
ADHD, but less consistently in comparison controls (Toplak
and Tannock, 2005b; Toplak et al., 2003). It was suggested
that because these associations were obtained consistently in the
ADHD sample and not the controls, that adolescents with ADHD
may need to recruit additional cognitive resources to perform the
same task as controls. Such findings suggest that the processing
of temporal information is likely more distributed than modular
in nature both behaviourally and neurally, and perhaps even more
pronounced in clinical samples, such as ADHD. Therefore, both
our behavioural and brain imaging methods must be adapted to
permit the study of distributed and interacting processes.

5. An innovative technique to analyze temporal
information processing in ADHD
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ontrols, even previously unmedicated children with AD
emonstrated this effect, suggesting that these differences
nrelated to stimulant treatment. Also, caudate nucleus vol
ere initially abnormal for patients with ADHD, but diagno

ic differences disappeared during adolescence. In additi
as reported that frontal and temporal gray matter, cau
nd cerebellar volumes correlated significantly with parent
linician-rated severity measures within the ADHD sample
n even more recent investigation,Durston et al. (2004)exam-

ned cerebral volumetric differences using more precise me
nd MRI in boys with ADHD, their unaffected siblings, a
atched controls. It was reported that the boys with AD
nd their unaffected siblings displayed significant reductio
ight prefrontal gray matter and left occipital gray and w
atter compared to matched controls. In addition, the boys
DHD displayed reduced right cerebellar volume, compare

he unaffected siblings and matched controls. These finding
onsistent withCastellanos et al. (2002)and the idea impaire
rontal and cerebellar processes in ADHD.

Therefore, the neuroimaging studies implicate basal gan
refrontal cortex, and cerebellar structures as impaired in AD
amples.Mostofsky et al. (1998)argue that the presence
erebellar abnormalities in individuals with ADHD may still
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Data indicating performance differences in the ADHD b
re derived, almost exclusively, from functional magnetic r
ance imaging (fMRI) studies. Mostly, this is due to the lim
umber of non-invasive methods which image the active b

MRI has excellent spatial resolution but lacks temporal res
ion and cannot examine the short periods of time involve
hat is defined as being pure time perception. Two imaging
iques that are gaining more mainstream interest in reco

unctional brain activity are magnetoencephalography (M
nd electroencephalography (EEG). Both these techniques
ne to investigate how long it takes various regions of the b

o process presented stimuli. MEG is an innovative techn
hat has been used for many years in the field of epilepsy a
aining acclaim for its application in brain mapping and the a
ses of psychiatric disorders (for a review, seeReite et al., 1999).
EG is a safe, passive, non-invasive, functional neuroima

echnique that records the minute magnetic field generat
lectrical activity of neurons in the brain. One unique advan

s its ability to provide a millisecond-by-millisecond record
eural activity with high spatial resolution throughout the c
ellum, brainstem and cortex for a range of motor, percep
nd cognitive tasks. By contrast to MEG, the temporal resol

n fMRI barely approaches 1 s, which is too slow for cap
ng the cerebellar role in fine timing, where the relevant t
cale is in the order of milliseconds (Fig. 2). Importantly, MEG
irectly represents the neuronal potentials that compose
ctivity rather than represent structure or blood flow. Rece
esearchers have developed a new spatial filtering app
synthetic aperture magnetometry: SAM) to source localiza
hat has repeatedly revealed neuronal subpopulations of a
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Fig. 2. Relative temporal and spatial sensitivity of neuroimaging tech-
niques. Image modified from original version athttp://www.vsmmedtech.com/
products/meg/overview/faq.htm.

identical to that of fMRI procedures (Schulz et al., 2004; Singh
et al., 2002; Taniguchi et al., 2000). Using MEG, in collabo-
ration with an individual’s structural MRI, one can discern the
spatial and temporal profiles of neural activation as well as the
band frequencies at which these activations occur (i.e., beta or
alpha oscillatory activity). MEG technology has been applied to
the study of auditory (Tecchio et al., 2000; Thaut, 2003), visual
(Haendel et al., 2003; Tikhonov et al., 2003), motoric (Lang et
al., 1996), and somatic (Tesche and Karhu, 1997) processing and
recent data indicate that it can discriminate from neural activity
that represents new or learned responses (Moses et al., 2005).
Given the extreme heterogeneity of performance of individuals
with ADHD within behavioural timing tasks, the high spatial
and temporal resolutions of MEG can be quite valuable.

EEG is also a non-invasive technology that records active
brain activity on the order of milliseconds. It uses an elec-
tronic monitoring system to measure and record electrical activ
ity in the brain and is an important method in the diagnosis
and management of epilepsy and other seizure disorders. It
also often used in the diagnosis of stroke, tumours, encephal
tis, mental retardation, sleep disorders, degenerative disease
schizophrenia, and autism (Niedermeyer and Lopes da Silva,
1993). As EEGs also provide frequency information, researchers
can obtain information as to which brain waves are activated dur
ing a particular response. Despite the development of advance
techniques for studying the spatial and temporal dynamics o
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Recently, EEG has also been used to study time perception in
individuals with neural lesions in the cerebellum (Trillenberg
et al., 2004). EEG has been used extensively in the study of
ADHD. For instance, children with ADHD have been shown:
to have reduced beta activity in frontal regions as demonstrated
by EEG (Kropotov et al., 2005; Loo et al., 2004), to benefit
from EEG-derived biofeedback (Monastra et al., 2005), to have
reduced strength of evoked response to a visual stimulus (Lopez
et al., 2004), and to have increased theta wave activity in the PFC
(Clarke et al., 2002). Due to EEG’s lower spatial acuity, EEG
studies would benefit by combining their technique with that of
MRI or MEG to create a highly accurate spatial and temporal
neural profile of both sources.

Motoric repetition, such as continuous finger tapping, is a
well-studied example of a task involving event timing (time
production and reproduction;Ivry and Richardson, 2002) that
has been well-documented in the MEG literature (Erdler et al.,
2000; Joliot et al., 1998; Pollok et al., 2002, 2003, 2004; Tass
et al., 2003; Yoshino et al., 2002) and has been used in EEG
to help profile disorders such as epilepsy (Tass et al., 2003),
Parkinson’s disease (Limousin et al., 1999), and callosal atro-
phy (Knyazeva et al., 1997). In all of these studies, individuals
showed deficits in finger tapping to a timed interval. Across dif-
ferent methodologies and modalities, participants with ADHD
have also shown less precision and more variability on finger
tapping performance relative to normal controls (seeTable 1),
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ion of timing processes that underlie time perception. Most
ime perception studies have focused on the evoked resp
ERPs) which indicate how long it takes various regions o
rain to process presented stimuli. One important use o

echnique has been to show evoked neural activity during
erception tasks in healthy adults, such as duration discrim

ion (Lange et al., 2003; Monfort et al., 2000; Naatanen e
004; Schubotz and Friederici, 1997), time-interval reproduc

ion (Monfort and Pouthas, 2003), and manipulating attention
rocesses requiring temporal processing (Griffin et al., 2002).
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ndicating this as an important area for future research in u
tanding temporal information processing in ADHD.

Depending upon the attentional demands and time i
als implemented, the reviewed data suggests that tem
nformation processing tasks may invoke frontal, basal
lia, and/or cerebellar activity and that the contribution of e
ay vary with the parameters implemented. Furthermore
spect of temporal information processing may be affected u
number of various conditions in individuals with ADH

everal studies have demonstrated the localization of a
ellar time perception process distinct from the motoric as
f finger movement (Desmond et al., 1997; Jueptner et
995; Kawashima et al., 2000; Tesche and Karhu, 2000
ier and Petersen, 2002). A methodology has been develop

n adult samples to parse the cognitive (internal clock v
nce) and motor contributions to task performance (Wing and
ristofferson, 1973) allowing the mapping of these separa
omponents of behavioural performance onto neural mo
hat separate cognition (that is, perception of a timed inte
rom motor components (Tesche, 1997; Tesche and Karhu, 199
000) in the regions of interest. Evidence from behavioural s

es suggest that individuals with ADHD display impairment
oth cognitive time perception (Toplak and Tannock, 2005
oplak et al., 2003) and motor domains (Rubia et al., 1999b),
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nd functionally segregate the cognitive and motor system
ritical. Neuroimaging techniques such as MEG and EEG
ollaboration with MRIs, may represent the new method
issecting these factors and, in combination with approp
ehavioural measures and pharmacological manipulation
llow the field to move forward at a more rapid pace.
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6. Conclusions

To summarize, deficits in the processing of temporal informa-
tion have been hypothesized in models of ADHD. Based on the
summary presented inTable 1, there is reasonable evidence to
suggest that individuals with ADHD display poorer performance
relative to controls, particularly on duration discrimination, fin-
ger tapping, and duration reproduction tasks. Specifically, many
of these group differences have been observed on tasks using
a visual modality and using longer durations. Less consistent
group differences have been observed on verbal estimation
and anticipation tasks. Importantly, conclusions can only be
drawn cautiously, as such different methodologies have been uti-
lized. The neuroimaging research in ADHD provides converging
evidence to study temporal information processing deficits in
ADHD, as regions associated with temporal information pro-
cessing, such as the cerebellum, basal ganglia, and prefrontal
cortex, have been associated with ADHD samples. However, it
has become apparent in both the behavioural and neural work in
ADHD that looking for modular temporal information process-
ing deficits may not yield productive lines of research. Rather,
consideration should be given to the study of interactive and dis-
tributed processes, such as understanding associations between
the cerebellum and prefrontal cortex in ADHD. The introduc-
tion of innovative techniques, such as MEG and EEG will permit
these types of explorations.
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