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Abstract
Stimulant-dependent individuals (SDI) have abnormal brain metabolism and structural changes
involving dopaminergic target areas important for the processing of time. These individuals are also
more impulsive and impaired in working memory and attention. The current study tested whether
SDI show altered temporal processing in relation to impulsivity or impaired prefrontal cortex
functioning. We employed a series of timing tasks aimed to examine time processing from the
milliseconds to multiple seconds range and assessed cognitive function in 15 male SDI and 15
stimulant-naïve individuals. A mediation analysis determined the degree to which impulsivity or
executive dysfunctions contributed to group differences in time processing. SDI showed several
abnormal time processing characteristics. SDI needed larger time differences for effective duration
discrimination, particularly for intervals of around 1 sec. SDI also accelerated finger tapping during
a continuation period after a 1 Hz pacing stimulus was removed. In addition, SDI overestimated the
duration of a relatively long time interval, an effect which was attributable to higher impulsivity.
Taken together, these data show for the first time that SDI exhibit altered time processing in several
domains, one which can be explained by increased impulsivity. Altered time processing in SDI could
explain why SDI have difficulty delaying gratification.
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1. Introduction
Cocaine and amphetamine-like drugs are psychostimulants which alter the dopaminergic
system, e.g. by blocking the dopamine transporter (White and Kalivas, 1998) or releasing of
dopamine via reverse transport (Sulzer et al., 2005). Methamphetamine (METH), a compound
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structurally similar to amphetamine also affects the dopamine system, e.g. it leads to
downregulation of striatal D2 dopamine receptors (Chang and Haning, 2006) and dopamine
transporters in the striatum (McCann et al., 1998), orbitofrontal cortex, and dorsolateral
prefrontal cortex (Sekine et al., 2003). Although cocaine and amphetamines have different
pharmacodynamic properties, both substances reduce the availability of D2 receptors, which
is thought to alter the individual's ability to perform reward-related behaviors (Volkow et al.,
2001a).

The dopamine system and its target neural substrates, e.g. the striatum and the prefrontal cortex,
are an important neural system for the modulation of time perception and the timing of motor
acts. Patients with structural damage such as focal brain lesions to the frontal lobes (Kagerer
et al., 2002;Nichelli et al., 1995;von Steinbüchel et al., 1999) or traumatic brain injury
predominantly affecting frontal areas (Pouthas and Perbal, 2004) can show substantial
impairments in the estimation of temporal intervals. Patients with Parkinson's disease, who
have decreased dopaminergic function in the basal ganglia, show deficits in motor timing as
well as in duration discrimination (Hellström et al., 1997;O'Boyle et al., 1996). Neuroimaging
studies have shown that temporal processing is associated with activation in right prefrontal
regions (Rao et al., 2001;Rubia et al., 1998;Rubia and Smith, 2004). Other neuroimaging
studies of timing have implicated a fronto-striatal network as the neural basis of the internal
clock (Cuoll et al., 2004;Hinton and Meck, 2004;Nenadic et al., 2003). Pharmacological studies
on animals and humans support the general hypothesis that fronto-striatal circuits are critical
for temporal processing. Dopamine antagonists (like haloperidol) that affect the meso-striatal
dopamine system slow down the clock rate in healthy subjects (Rammsayer, 1989;1999)
whereas timing behavior in animals and humans under the acute influence of METH can be
interpreted as the result of speeding up the clock rate (Buhusi and Meck, 2002;Cevik,
2003;Mohs et al., 1980).

Functional neuroimaging and neuropsychological studies show that chronic stimulant users
have significant brain activation changes in frontostriatal regions that are associated with
impairments in attention, working memory, and decision making (Fein et al., 2002: McKetin
and Mattick, 1997;Nordahl et al., 2003;O'Mally et al., 1992;Paulus et al. 2003;Salo et al.,
2005). Stimulant-using individuals and stimulant-dependent individuals (SDI) show
fundamental cognitive deficits and increased impulsivity when making decisions (Leland and
Paulus, 2005;Fillmore and Rush, 2002;Paulus et al., 2002). Similar to other drug-dependent
individuals, SDI show less self-control in decision making tasks as they discount future rewards
more strongly than control subjects, that is, they tend to prefer smaller and sooner over larger
but later rewards (Hoffmann et al., 2006;Kirby and Petry, 2004). Overall, the prefrontal cortex
is strongly involved in executive functions such as attention regulation, the control of behavior
and thoughts, and planning for the future (Arnsten and Li, 2005). These complex cognitive
functions are intimately related to impulse control and are impaired in substance abusing
individuals (Cardinal et al., 2004;Evenden, 1999;Kirby and Petry, 2004;Monterosso et al.,
2006).

Although several cognitive dysfunctions have been reported in stimulant dependent
individuals, it is not known whether these individuals have fundamental problems with
temporal processing. An answer to this question would be important because many higher order
cognitive functions dependent on intact temporal processing (von Steinbüchel and Pöppel,
1993). Thus, this is the first study to assess temporal processing in patients with a dependence
on substances that have a neurotoxic effect on the dopamine system in fronto-striatal areas of
the brain. We hypothesized that SDI would be affected in the accuracy and precision of duration
perception and the timing of their behavior. Accuracy refers to the mean error in performance
resulting from the difference between the physical duration and the subjective estimate of
duration. Precision refers to the prevention of constant errors over trials, assessed by the
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variance in performance. We were especially interested in whether we would find specific
effects of chronic stimulant use depending on the time intervals involved. Different temporal
processing mechanisms seem to be involved for different time scales (Buhusi and Meck,
2005;Mauk and Buonomano, 2004;Wittmann, 1999). Temporal integration windows of around
250 to 500 ms (Rammsayer, 1999;Wittmann et al., 2001), of around 1 second (Madison,
2001) and for intervals up to 2 to 3 seconds (Fraisse, 1984;Pöppel, 1997;Wittmann et al.,
2007) have been postulated. To probe temporal processing at a variety of time scales, from the
milliseconds range to the seconds range, a set of tasks was employed assessing duration
discrimination, temporal reproduction, time estimation, and paced finger tapping.

2. Materials and methods
2.1 Subjects

This study was approved by the University of California San Diego (UCSD) Institutional
Review Board and all subjects provided written informed consent to participate. The SDI group
consisted of 15 men meeting criteria for methamphetamine and/or cocaine dependence as
determined by interview for DSM-IV diagnoses (SSAGA; Buchholz et al., 1994) and
consensus of a team of experienced clinicians. The mean age of the SDI group was 42.3 ± 8.5
(range: 22-52 years), with a mean of 12.9 ± 1.24 years of education (range: 10-15). The SDI
met criteria for current dependence when they voluntarily entered the 28-day inpatient Alcohol
and Drug Treatment Program (ADTP) at the San Diego Veterans Affairs Medical Center. At
time of testing, these subjects had been abstinent from stimulants for an average of 27.7 ± 5.6
days (range: 20-40). They were dependent on methamphetamine or cocaine for an average of
12.2 ± 8.5 years (range: 6 months-27 years) and had an estimated mean of 5373 ± 5858 lifetime
uses of stimulants (range: 152-23036). Of the 15 stimulant-dependent subjects, 2 consumed
cannabis but were not dependent, 2 fulfilled criteria for current alcohol dependence, 2 patients
had past but not current alcohol dependence, and 11 were smokers.

15 normal comparison men formed the control group, aged 40.9 ± 8.8 years (range: 21-54)
with 15.2 ± 1.25 years of education (range: 13-17). They were recruited via advertisement in
local newspapers and the internet. The two groups did not differ in age (t(28) = −0.42, ns), but
stimulant-dependent subjects were less educated than normal comparison subjects (t(28) = 4.9,
p < .001). Of the 15 control subjects, none fulfilled criteria for past or current drug dependence
and none were smokers.

Exclusion criteria for both stimulant-dependent and normal comparison subjects were:
medication that affects the central nervous system; serious neurological or medical condition;
history of serious head injury or unconscious periods lasting more than 30 min; current major
depressive, bipolar, schizophrenic, posttraumatic stress, panic, or obsessive-compulsive
disorder; lifetime history of antisocial personality disorder; acute signs of withdrawal as
indicated by the presence of at least two DSM-IV withdrawal signs. In addition, urine
toxicology was obtained for all subjects before testing and revealed no evidence of recent
cannabis, amphetamine, sedative hypnotic, cocaine, or PCP use.

2.3.Temporal processing measures
2.3.1 Duration Discrimination—Auditory duration comparisons were conducted in two
separate conditions using short (100 ms) and long (1000 ms) standard stimuli. The stimuli
consisted of white noise presented via headphones at 80 dB SPL. The duration of the
comparison stimulus ranged between 101 ms and 400 ms for the short condition and between
1005 ms and 2000 ms for the long condition. Subjects had to indicate which of the two presented
stimuli was longer: the first or the second one. The duration of the stimuli varied according to
the adaptive maximum-likelihood based algorithm YAAP (Treutwein, 1997) which takes into
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account the subjects' responses for the determination of the next duration of the comparison
stimulus. Standard and comparison intervals were separated by a pause interval of 500 ms and
their sequence was randomized. Stimulus presentation was stopped when a certain criterion
for the estimation of the difference threshold was reached. Based on a logistic psychometric
function the tracking procedure estimates a threshold corresponding to 75% correct duration
discrimination. Stimulus presentation is terminated when the location of the true threshold lies
with a probability of 95% within a confidence interval of ± 10 ms around the estimated
threshold.

2.3.2 Temporal Reproduction—Subjects were instructed to reproduce the duration of
standard tones that were presented at 70 dB SPL via headphones. Five different standard tone
durations of 1000 ms, 2000 ms, 3000 ms, 4000 ms, and 5000 ms were used. Each was presented
six times in random order, resulting in 30 trials per subject. Each trial consisted of two tones,
starting with a 300 Hz tone presented for one of the standard durations. After that standard tone
ended, there was a fixed pause of 1000 ms before onset of a 600 Hz tone. Subjects were
instructed to reproduce the duration of the standard tone by pressing a key to switch off the
second tone when they believed the same duration had elapsed. Mean duration of reproduced
intervals and the coefficient of variation (CV) were calculated over the six trials per standard
interval. Subjects were instructed not to count. It was stressed that the investigator was not
interested in the subjects' counting abilities, but the subjective estimates of duration.
Nevertheless, to further discourage counting, a non-temporal secondary task was employed.
Before the presentation of the standard tone, two symbols were presented, which the subjects
were told to memorize. After reproduction of the interval, a single symbol appeared on the
screen and the subjects had to decide whether or not it was one of the former two. Stimulus
presentation and response registration were controlled using a program created with the WinVis
toolbox (Neurometrics Institute) for MATLAB (Version 5.3, MathWorks Inc.).

2.3.3 Paced Motor Timing—Through headphones subjects heard a regular sequence of 20
tones (500 Hz, duration: 50 ms) that had to be synchronized precisely by tapping the index
finger repeatedly on a key (sensorimotor synchronization). Each sequence used one of three
different inter-tone intervals for the pacer signal: 1000 ms, 2000 ms, and 4000 ms. In a separate
condition (continuation tapping), subjects again synchronized their tapping to a sequence of
tones, but after 10 tones the beat stopped and subjects were asked to continue tapping at the
same tempo without the pacer signal. This continuation tapping was performed for another 40,
20, or 10 taps depending on the inter-tone interval for that trial (1000 ms, 2000 ms, or 4000
ms, respectively). A software program (Mates, 1990) controlled stimulus presentation and the
registration of the inter-tap intervals (as a measure of tapping speed), as well as recording the
asynchrony between the tone onset and the tap onset (as measure of accuracy in sensorimotor
synchronization). Only when the asynchrony between tone and tap did not exceed a positive
value of 120 ms, that is, when the tap followed the tone by no more than that amount of time,
was the value taken as a synchronization trial (see below). Taps following a tone by 120 ms
or more are most likely the result of motor commands initiated in response to, rather than in
synchrony with, the tone and were operationally defined as reactions (see Wittmann et al.,
2007). The number of such reactions per trial was calculated as a further measure of
synchronization ability.

2.3.4 Time estimation—In a prospective time estimation task, subjects were instructed to
estimate a temporal interval from an indicated moment to the offset of the interval as signaled
by the bell of an alarm clock. The interval to be estimated lasted 53 seconds. We used the
following instruction: “In a moment I am going to say ‘start’ and then after a while the alarm
of the clock will ring. When it rings, please indicate how much time you think has gone by in
seconds. Please try not to count in your head, but just estimate how much time you feel has

Wittmann et al. Page 4

Drug Alcohol Depend. Author manuscript; available in PMC 2008 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gone by.” After the end of the interval subjects marked the estimated duration on a visual scale
representing a time arrow covering a range from 0 to 3 minutes with bars indicating 1-seconds
steps. With this procedure we wanted to reduce effects of whole number bias that can appear
in verbal accounts of time intervals.

2.4. Measures of prefrontal cortical function and impulsivity
2.4.1 Attention and working memory—Computerized tasks were selected from the
English version of the Test for Attentional Performance (TAP) battery (Zimmermann and
Fimm, 1997), during which subjects react to a series of visual and auditory stimuli. In the
phasic alertness task the difference in reaction time between cued and uncued runs gives an
index of the phasic alertness response, with shorter reactions on cued runs associated with
greater phasic alertness. In the focused attention task, arrows pointing left or right are presented
left or right of fixation. The subject responds as quickly as possible with the hand corresponding
to the direction in which the arrow is pointing. When pointing direction is incongruent with
presentation side, reaction times are slowed. This slowing is a measure of distraction and
inversely related to focused attention. In the 2-back working memory task, a series of 1-digit
numbers is presented and the subject responds whenever a number shown is the same as the
one displayed two numbers back in the sequence. In addition to these computerized tasks, we
employed the Digit Span test (forward and backward) for a further measure of short-term/
working memory. Subjects are asked to repeat 2, 3, 4, etc. digits forward and then in subsequent
trials they have to repeat presented digits backwards. The experimenter continues to the next
step with an increased number of digits only if the subject succeeds with at least one of two
rows of digits at a given step.

2.4.2 Impulsivity—The Barratt Impulsiveness Scale (BIS-11) (Barratt et al., 1999) consists
of 30 items that can be grouped into 3 subscales: Non-planning impulsivity (“I plan tasks
carefully”, “I change jobs”), motor impulsivity (“I do things without thinking”, “I buy things
on impulse”), and attention/cognition impulsivity (“I concentrate easily”, “I get easily bored
when solving thought problems”) (Patton et al 1995).

2.5. Statistical analyses
As an index of temporal performance accuracy, the ratio theta (θ), was used, where θ =
subjective / objective duration (Block et al. 2000). Subjective duration refers to the produced,
reproduced, or estimated duration (as appropriate to the task) and objective duration similarly
refers to the presented or actual time interval. A 1:1 ratio (i.e. theta = 1) indicates perfect
accuracy. Depending on the timing task, ratios of > 1 and < 1 signify a longer and shorter
reproduction of tones, a longer and shorter production of tapping intervals, and a longer and
shorter estimate of the 53 seconds duration, respectively. For the duration discrimination task
the Weber fraction Δt / t was calculated as an accuracy index, where Δt is the difference between
the base interval t (100 ms, 1000 ms) and the length of the comparison interval at which the
duration discrimination threshold was estimated. Statistical analyses were carried out on the
mean accuracy index in each condition.

Analyses of covariance (ANCOVA) with ‘group’ as the main factor and ‘education’ as the
covariate were performed for each interval to assess performance differences between
stimulant-dependent individuals and control subjects. Because of different underlying timing
processes, we tested each of the intervals separately. Alpha levels were set to p < 0.05.
Bonferroni correction was used to protect against Type I error when multiple tests (different
durations) for a given measure were applied.

For variables where we had clear predictions of effect directionality based on results from
comparable patient populations (patients with damage to or dysfunction of fronto-striatal areas
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of the brain) we used one-tailed tests; otherwise we used two-tailed tests. For most performance
measures we used one-tailed tests as we assumed SDI to be impaired in their timing precision
(larger coefficients of variation) and accuracy (larger discrimination thresholds, stronger
under-reproductions of intervals, larger asynchrony in sensorimotor synchronization, larger
overestimation of the 53-seconds interval). Only for finger tapping in the continuation mode
did we use a two-tailed test since we had no a priori expectation that SDI tapping would be
slower versus faster.

The effects that drug dependence have on the brain may not affect time perception directly (for
example, by disturbing an internal clock) but rather indirectly via the influence of impaired
attention, working memory and impulsivity – dimensions that are known to be influenced in
SDI and also influence the experience of time. Therefore, we assessed the influence of possible
indirect effects on time perception using mediator analyses. A variable may be said to function
as a mediator to the extent that it accounts for the relation between the predictor (timing
functions) and the criterion (group membership) (Preacher and Hayes, 2004). Specifically, a
variable can be considered a mediator M if it carries the influence of a given independent
variable X (in our case: stimulant dependence) to a given dependent variable Y (temporal
processing). Based on effect analyses between the three components in question, X (drug
dependence), Y (temporal processing), and M (prefrontal cortical function), we calculated
whether X had a direct effect on Y or whether M mediated the effects of X on Y. In this model
of multiple mediation effects (see Fig. 1), a, b, and c' represent the path coefficients for the
effects of X → M, M → Y, and X → Y, respectively. The path coefficient c' represents the
direct path, whereas a and b represent the indirect paths. The total effect c, that is, the initial
effect of X on Y when mediators are not introduced in the model, is the sum of the indirect (a,
b) and direct effect (c').

We used a multiple mediator approach separately for each dependent variable Y since we had
several possible factors that had to be accounted for in the model (Preacher and Hayes,
submitted; SPSS macros available at: http://www.quantpsy.org). We included as mediators
M1 through Mj the measures of prefrontal cortical function that differentiated SDI and controls.
A bootstrapping method was part of the procedure to analyze indirect effects (n=5000,
confidence intervals set at 95%). Bootstrapping methods offer a powerful method for obtaining
confidence limits for specific indirect effects (MacKinnon et al., 2007). There are three possible
outcomes of a mediation analysis. When the effect of X on Y reaches zero after the inclusion
of M, complete mediation has occurred. When the effect of X on Y decreases by a certain
amount but is still existent, partial mediation has occurred. In case that no decrease of the effect
of X on Y is registered by including M into the model, no mediation at all has occurred
(MacKinnon et al., 2007;Preacher & Hayes, 2004). The variable of education which was
significantly lower in SDI than in control subjects was included as a covariate in the mediation
models.

3. Results
3.1. Group differences

For the duration discrimination task, ANCOVAs revealed that stimulant users had a
significantly higher Weber fraction (corresponding to a higher threshold) than controls at the
1000 ms interval duration [F(2,27) = 9.292, p < 0.0025], but the two groups did not differ in
the 100 ms condition [F(2,27) = .361, p < 0.553] (see Table 1).

In the temporal reproduction task a significant difference in timing accuracy between the
groups was only revealed for the 2000 ms duration interval [F(2,27) = 9.500, p < 0.0025]. The
difference in the θ value reflects the under-reproduction of that interval (θ = .912) in the group
of stimulant-dependent individuals as compared to the slight over-reproduction in the controls
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(θ = 1.014). The analysis of the variability of temporal reproduction, an indicator of timing
precision, revealed that SDI performed more variably relative to comparison subjects during
the 1000 ms intervals [F(2,27) = 10.531, p < 0.0015].

Tempo matching did not differ between SDI and comparison subjects on the sensorimotor
synchronization task, that is, neither the mean asynchrony between taps and tones differed
between the SDI and the control group nor was there a group effect for the percentage of missed
synchronizations. During the continuation phase of the continuation tapping task, when
subjects were instructed to continue tapping at the same pace after the pacer signal stopped,
SDI relative to comparison subjects tapped faster (θ = .938) during the continuation interval
with a 1000 ms duration than controls (θ = 1.036) [F(2,27) = 5.497, p = 0.0135]. Examining
the variability of tapping performance during the continuation phase revealed that SDI were
more variable than comparison subjects in the 2000 ms interval [F(2,27) = 7.605, p = 0.005].

For the time estimation task (53 seconds), the ANCOVA revealed that SDI (90.8 sec, θ = 1.513)
had significantly longer time estimates than the control subjects (67.0 sec, θ = 1.122) [F(2,27)
= 3.984, p = 0.0253].

SDI did not differ from comparison subjects on phasic alertness, focused attention, or the 2-
back working memory tasks (see Table 2). In the digit span forward task they also did not show
group differences. However, in the digit span backward task SDI had significantly lower scores
(7.93) than controls (10.13). SDI scored higher on all three BIS subscales non-planning
impulsivity, motor impulsivity, and attention/cognitive impulsivity than control subjects.

3.2. Mediation analyses
Group status (stimulant dependent versus stimulant-naïve) significantly affected the mediator
variables (‘Effects of X on M’ in Table 3), which overall parallel the group differences found
in the ANCOVAs. SDI scored lower on the digit span backward task and had higher impulsivity
ratings (the BIS subscales Non-planning and Attention/cognition). In general, the mediation
analyses revealed two types of results: the assessed psychological variables had no mediation
effect on the timing tasks or a variable completely mediated the effects between X and Y (in
one case).

Two BIS subscale scores affected time perception scores (Table 3, ‘Effect of M on Y’). The
subscales of non-planning as well as attention/cognition impulsivity affect the variation in the
1000 ms reproduction task. However, these influences did not mediate the effects of stimulant
dependence on the timing task (there is no significant indirect effect). A mediating effect of
the BIS subscale of non-planning impulsivity was revealed in the 53-seconds time estimation
task. Specifically, non-planning impulsivity mediated the significant indirect effect of drug
dependence on time estimation and the direct effect between drug dependence and time
estimation was not significant, which implied that the indirect effect completely explained the
total effect. In other words, the more impulsive the SDI the longer they estimated the interval.

In contrast to the above mediation effect, all other total group effects on temporal processing
were not mediated by any of the variables tested. The possible mediator variables did not
account for differences between SDI and comparison subjects as found in the ANCOVAs and
represented by the total effects.

4. Discussion
This investigation showed that stimulant-dependent subjects (SDI) show impairments in time
perception and in sensorimotor timing. Moreover, these impairments are task dependent and
possibly specific for the duration of the intervals processed. The mediator models put forth
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here tested the hypothesis that (neuro-) psychological dysfunctions might carry the effects as
mediator variables between stimulant dependence status and temporal processing abilities. We
found partial support for this hypothesis, specifically for the estimation of the 53-second
interval which is mediated by one form of self-reported impulsivity (non-planning
impulsiveness). In contrast, impaired timing in SDI for the processing of 1 and 2-second
intervals over a variety of tasks could not be explained by the included mediator variables.
Taken together, these findings support the hypothesis that SDI have basic time processing
dysfunctions within a specific time range (around 1 to 2 seconds) that are not due to altered
levels of impulsivity or other cognitive dysfunctions.

Methamphetamine and cocaine abusers show altered function in prefrontal and striatal
dopaminergic circuits (Baxter et al., 1988;Chang et al., 2005;Sekine et al., 2003;Volkow et al.,
2001a;2001b). Dopaminergic systems in the striatum and prefrontal cortex are also thought to
be involved in attention, working memory and impulse control (Arnsten and Li, 2005;Cardinal
et al., 2004;Evenden, 1999;Paulus et al., 2002). As these brain systems have also been identified
as guiding the estimation of time intervals and the timing of movement (Cuoll et al.,
2004;Matell and Meck, 2004;Rubia and Smith, 2004), we expected to find temporal processing
impairments in SDI. Although our cross-sectional design limits our ability to draw strong
conclusions regarding the causal effect of stimulant dependence on time processing, the current
evidence points to the same specific brain structures and neural systems known to be involved
in time perception and to be affected in SDI. Therefore, we propose that temporal processing
abnormalities in SDI result from dysfunctions in fronto-striatal areas of the brain, whether that
dysfunction contributes to or is a result of stimulant dependence.

Just as stimulant dependence might lead to brain changes underlying altered time processing,
the reverse it also possible. For instance, the estimation of the 53-second interval was influenced
by subjects' impulsiveness. However, higher impulsiveness and an altered sense of time in
these SDI may have been an antecedent to initial drug use, i.e. a temperamental pre-disposition
encouraging our tested SDI to fall into the habit of drug taking. Only longitudinal studies will
reveal whether an altered experience of time in combination with other factors predisposes an
individual to drug abuse. As is often the case in other complex behavioral domains, stimulant
use and altered time perception may interact, leading to a mutually reinforcing effect on brain
function.

Based on our results, one can conclude that long-term exposure to methamphetamine or cocaine
is associated with impairments of processing temporal intervals. The fact that the statistical
analyses found significant direct group effects especially for the processing of intervals of 1000
and 2000 ms should be taken with caution as it may imply only that in our specific tasks these
intervals were more sensitive to group differences. For example, at longer intervals subjects
might have used a strategy that subdivides the interval by subtle rhythmic movements, an
automatic behavior that is hard to control for. This structuring of the intervals could have guided
the temporal responses and made them more accurate. At longer intervals these strategies
become more effective, therefore revealing timing impairments only at shorter interval lengths.
In addition, the fact that in the temporal reproduction task we found significant group
differences only for the 2-second interval (and not at 1 second) urges caution with our
interpretation. It is, however, worth considering the results within the conceptual framework
of the psychology of time. Researchers have established the categorical distinction between
perception of duration (for intervals up to 2 - 3 seconds) and estimation of duration (for longer
intervals). Events lasting only a few seconds are processed in the present as a perceptual whole,
whereas longer intervals must be estimated from memory (Fraisse, 1984;Pöppel, 1997). It is
possible that the impairments found in the SDI are specific to temporal processing in this shorter
time range.
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According to Rammsayer (1999) a dissociation of effects as seen in our results on duration
discrimination (impairment only for the processing of 1000 ms but not for 100 ms intervals)
would favor the interpretation that timing processes per se are not disturbed in SDI. Intervals
with a length of up to some hundreds of milliseconds are supposed to be processed based on
brain mechanisms outside of motor and cognitive control. The higher duration difference
thresholds of SDI at intervals around 1000 ms, in contrast, would be interpreted as based on
disturbances of additional cognitive processes that come into play only at longer intervals.
Based on prior studies using tapping tasks, there is evidence that a specific temporal processing
function occurs in a time range between approximately 300 ms and one or two seconds
(Madison, 2001;Mates et al., 1994;Wittmann et al., 2001). In fact, inferring from a recent
synchronization tapping study employing a secondary attention task, Miyake et al. (2004)
concluded that in a time range between 450 to 1500 ms automatic processing that is not strongly
affected by attention, whereas attention and working memory affect intervals in the range
between 1800 and 3600 ms. This empirical finding is in accordance with similar theoretical
proposals suggesting that an automatic timing system for shorter intervals can measure time
without attentional modulation whereas a cognitively controlled timing system for supra-
seconds intervals draws upon cognitive circuits of the brain (Lewis and Miall, 2003). We show
here that in timing performance with 1000 and 2000 ms intervals a variety of tasks are not
mediated by attention or working-memory processes. First, timing disturbances occurred in
SDI in the absence of impairments in most of the tasks of a battery of attention and working-
memory tests. Second, an impairment of SDI in the backward digit span task did not mediate
performance in time perception. Thus, it is possible that our group effects reveal a specific
disturbance of a temporal processing mechanism that is active for durations of 1 to 2 seconds
and which is not mediated by other cognitive processes.

In the 53-seconds time-estimation task SDI estimated the time interval to have lasted longer
than did the control subjects. The fact that this group effect was mediated by greater impulsivity
of SDI can be explained by models of prospective time perception. Subjects estimate the
duration of a given interval as longer when the focus of attention is on the passage of time as
opposed to a condition where the same interval is filled with activities that distract an observer
from attending to time (Wittmann and Lehnhoff, 2005;Zakay and Block, 1996). An
overestimation of time intervals is a sign of boredom or emotional distress that draws attention
away from meaningful thoughts and actions and directs it to the passage of time (Danckert and
Allman, 2005;Twenge et al., 2003). The higher impulsivity of SDI could lead to the subjective
experience of being trapped in time during the time-estimation task. Then, SDI would focus
their attention more on the passage of time and overestimate its duration. Although results are
not unequivocal, a relationship between impulsivity and time perception also has been
postulated for children with attention deficit hyperactivity (Barkley et al., 2001) and patients
with orbitofrontal cortex lesions (Berlin et al., 2004). Our finding could have clinically relevant
implications for the treatment of drug addicts with impulse control problems. It has been
suggested that an altered sense of time could be one reason for impulsive individuals to discount
the value of temporally delayed reinforcers more strongly and to persist in goal directed
behavior that results in immediate or short-term gains at the expense of future or long-term
interests (Barratt, 1983,Takahashi, 2006). For a person addicted to a drug, the benefit of
resisting the temptation to use a drug, that is, to delay gratification, might lie subjectively too
far in the future. Treatment programs could develop intervention strategies that manipulate the
temporal delay of rewards or to cognitively restructure the perception of inter-temporal choices
in order to shape more adaptive and health-promoting behavior (Monterosso and Ainslie,
2006).

In summary, we found SDI to exhibit unmediated deficits in sensorimotor timing and an
overestimation of a 53-second interval that was mediated by an increase in impulsivity.
Methamphetamine and cocaine abusers show abnormal metabolic activity of the dopaminergic
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system and have structural brain changes in fronto-striatal regions, both factors that have been
identified as important for contributing to changes in the processing of time. We therefore
conclude that SDI have impairments in sensorimotor timing and that longer time intervals are
overestimated due to more impulsivity. Diagnostic and therapeutic tools in psychiatry and
neurology are being developed that assess/treat altered time-perception in various patient
populations (Monterosso and Ainslie, 2006;von Steinbüchel and Pöppel, 1993). Patients
addicted to methamphetamine and cocaine could become beneficiaries of such an approach.
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Figure 1. Model of multiple mediation effects
The independent variable X (stimulant dependence) affects the dependent variable Y
(temporal-processing measure) either directly (c') or indirectly (ab path) via the mediators
M1 to M4.
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Table 1
Performance differences in the temporal processing tasks between SDI and control subjects with education
controlled for as a covariate.

Temporal processing tasks Stimulant-
dependent individuals

Control subjects F
df = 27

p

Mean Mean

Duration discrimination
Weber fraction Δt / t
100 ms .440 .315 .361 .553
1000 ms .183 .118 9.292 .0025*
Temporal reproduction
Mean reproduced interval [θ]
1000 ms 1.016 1.076 2.440 .075
2000 ms .912 1.014 9.500 .0025*
3000 ms .908 .947 .433 .251
4000 ms .827 .916 1.311 .131
5000 ms .804 .871 .463 .250
CV reproduced interval
1000 ms 21.6 11.3 10.531 .0015*
2000 ms 15.9 8.6 2.364 .075
3000 ms 11.0 8.2 2.064 .081
4000 ms 11.3 7.4 1.186 .143
5000 ms 13.4 8.7 4.318 .023

Sensorimotor Synchronization
Mean Asynchrony [ms]
1000 ms 2.60 −34.0 .159 .346
2000 ms −40.3 −51.4 1.340 .129
4000 ms −169.8 −144.8 .275 .303
Missed synchronizations [%]
1000 ms 17.4% 9.5% .065 .400
2000 ms 32.4% 27.6% .267 .305
4000 ms 60.6% 46.3% .144 .303

Continuation Tapping
Mean inter-tap interval [θ]
1000 ms .938 1.036 5.497 .0135*
2000 ms .960 .991 .309 .291
4000 ms .961 1.025 .810 .188
CV inter-tap interval
1000 ms 6.2 4.7 4.299 .024
2000 ms 7.6 4.9 7.605 .005*
4000 ms 5.5 5.4 .055 .996

Time estimation (53 sec interval)
Mean estimate [θ] 1.513 1.122 3.984 .0253*

*
significant difference with initial alpha level of .05. Bonferroni-adjusted for multiple tests (duration discrimination: p < 0.025, temporal reproduction: p

< 0.001, sensorimotor synchronization and continuation tapping: p < 0.0167, time estimation: p < 0.05)
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Table 2
Performance differences in the prefrontal cortex functioning tasks and the impulsivity scales between SDI and
control subjects.

Tasks of prefrontal cortex
functioning and impulsivity scales

Stimulant-
dependent individuals (SDI)

Control subjects T
df = 27

p

Mean Mean

Tasks for Assessing Attentional
Performance
Phasic alertness [index] 0.031 0.019 .456 .150
Focused attention [index] 6.86 7.11 .189 .667
2-back working memory [N valid
reactions]

13.00 13.86 1.866 .090

Digit span forward [points] 7.93 10.13 1.995 .085
Digit span backward [points] 5.67 9.13 4.377 .023*

Barratt Impulsivity Scale (BIS)
Non-planning impulsivity 28.4 20.7 13.933 .0005*
Motor impulsivity 28.6 20.2 10.646 .002*
Attention/cognition impulsivity 17.9 14.1 7.403 .006*

*
significant difference with initial alpha level of .05. Bonferroni-adjusted for multiple tests (Digit span: p < 0.025; BIS: p < 0.0167)
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