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A B S T R A C T   

Background: The dopaminergic (DA) system is an important neural system for the modulation of time perception 
and the timing of motor actions. Dysregulation of the DA system is related to chronic use of stimulant drugs, 
which lead, among others, to executive dysfunctions. Little is known instead about the potential deficiencies in 
temporal processing of stimulant-dependent individuals. The present study aimed to investigate temporal pro
cessing using a time bisection task with different temporal intervals in chronic cocaine users undergoing re
petitive transcranial magnetic stimulation (rTMS). 
Method: Study 1: A time bisection task with short temporal intervals range (480/1920 ms) was administered to 
18 cocaine use disorder (CocUD) patients and 20 healthy control before and after the intensive phase of rTMS 
treatment (5 days apart). Study 2: 22 CocUD participants and 23 control participants completed two temporal 
tasks (time bisection and time reproduction) with long temporal intervals range (1200/2640 ms) at baseline and 
immediately after the intensive phase of rTMS treatment. 
Results: Study 1: A shift in the psychometric function consistent with temporal overestimation in CocUD patients 
compared to controls was observed. However, no temporal impairment in CocUD patients at test session was 
found. Study 2: The analysis of temporal variability indices showed a significant difference between groups at 
baseline but not at Day 5 due to a significant difference between time points only in the CocUD group. 
Conclusions: This study report a temporal overestimation in CocUD patients and a temporal variability reduction 
after an rTMS protocol in CocUD patients.   

1. Introduction 

The dopaminergic system and its target neural substrates, e.g., the 
striatum and the prefrontal cortex, are important neural systems for the 
modulation of time perception and the timing of motor actions [45,53, 
54,9]. Dopamine (DA)/glutamate interactions in cortico-striatal circuits 
have been proposed as a critical factor in modulating the speed of the 
internal clock accordingly to the internal clock model of timing [9]. 
Traditionally, the DA has been identified as a neurobiological substrate 
of the pacemaker pulses. According to this proposal, increases in the 
level of DA increase clock speed and decrease the uncertainty of tem
poral estimates, while decreases in the level of DA decrease clock speed 
and increase the uncertainty of temporal processing [52,66]. In the 
striatal beat frequency (SBF) model [48,49], temporal processing 

depends on the synchronisation of oscillatory processes in 
cortico-striatal circuits. At the onset of an interval to be timed, the model 
posits that cortical oscillators are phase-reset and, at the offset of the 
interval, the state of these cortical oscillators is read out by medium 
spiny neurons located in the neurons of dorsal striatum. DA release from 
the ventral tegmental area (VTA) at the onset of the temporal interval is 
believed to play a part in the phase resetting function of cortical neurons 
[26,49,9]. Specifically, the SBF model poses that tonic DA levels in the 
frontal cortex are important in setting the tonic firing rate of cortical 
projections to the striatum. Increases or decreases in this rate could thus 
result in increases or decreases in the rate of cortical oscillations, 
resembling a pacemaker-like mechanism [16,49]. Furthermore, this 
mesolimbic DA neurotransmission can be enhanced through 
PFC-localized serotoninergic receptors activations (specifically, 
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postsynaptic 5-HT2AR) [25]. Interestingly, chronic exposure to cocaine 
results in the upregulation of frontal 5-HT2AR [70] and the modulation 
of serotoninergic system in the VTA [50], which, as already mentioned, 
is thought to be a crucial region for phase reset timing. 

Patients with Parkinson’s disease (PD), who have decreased dopa
minergic function in the basal ganglia have been used for a long time as a 
neuropsychological model for timing [29,30]. Temporal dysfunctions 
were observed in patients with PD when tested “off medication” with 
time estimation and temporal intervals between 3 and 17 s [38,62]; time 
production and temporal intervals between 5 and 30 s [38,89] or time 
reproduction and temporal intervals between 1.6 and 15 s [34,33,35,62, 
78,89] and adequate temporal abilities when tested with the same tasks 
“on medication” [55,65,68,85]. More germane to the present study, 
Koch and colleagues [33] showed a greater temporal impairment in left 
hemi-PD compared to right hemi-PD patients. Nevertheless, the 
magnitude of temporal dysfunction depends on the heterogeneity of PD 
(both clinical and cognitive characteristics) and the type of temporal 
task and temporal range used. Indeed, when tested with time compari
son tasks and temporal intervals between 200 and 1600 ms, PD patients 
were as accurate as controls [29,30]. 

Dysregulation of the dopaminergic system is also related to the 
chronic use of drugs such as stimulants [81]. In fact, the continuative 
consumption induces a profound motivational circuits alteration, 
involving not only DA but other neurotransmitter systems, which leads 
to a chronic, relapsing, addictive disorder [36] resulting from the 
convergence of aberrant incentive salience and habit generation [83, 
82], reduced reward sensitivity [46,84], excessive stress response [71, 
72,73], and executive dysfunction [24,61] in a three-stage recurring 
cycle (i.e., intoxication, withdrawal and anticipation phases). More 
specifically, during the anticipation phase, the craving states and exec
utive control deficiencies, including alterations in response inhibition 
and error-processing mechanisms [31,74], are associated with abnormal 
activations in prefrontal regions of the mesocorticolimbic-DA system 
[32,4,59], whose functioning is crucial for learning, goal-directed 
behaviour, reward processing and goal-directed attention allocation 
[19,7]. While these cognitive dysfunctions associated with frontolimbic 
DA and serotonin-related disruptions are widely reported in 
stimulant-dependent individuals [21], less is known instead about 
whether these individuals have fundamental problems with temporal 
processing as reported in other clinical populations with 
dopaminergic-related timing deficits [1,2]. 

Previous research conducted on rats showed cocaine-induced tem
poral overestimation consistent with the idea of an increased clock 
speed [14,15]. Mixed results have been reported regarding the clock 
speed effect of other psychostimulants as amphetamine [8,75]. The few 
studies conducted with stimulant-dependent users reported conflicting 
results; Mohs et al. [60]1 revealed relatively shortened temporal pro
duction following acute methamphetamine injection after 1, 2, and 3 h, 
reflecting a continuous acceleration of cognitive processes. Wittmann 
et al. [88] demonstrated that stimulant-dependent patients exhibited 
deficits in perceptual and motor timing in temporal intervals around 
1–2 s. Zhang et al. [90] reported group differences in a time reproduc
tion task for short-term abstinence but no differences in a time 
discrimination task, concluding that alteration of time perception in 
methamphetamine-dependent patients is task-specific and 
dose-dependent. More recently, Mioni and colleagues [58] reported no 
differences between patients and controls in terms of perceived time, but 
patients were more variable (higher WR) than controls. The authors 
reasoned that the lack of difference between groups could have been 
related to the duration of abstinence in stimulant-dependent patients. 
Indeed, compared with previous studies patients included in Mioni et al. 

[58] study were abstinent for on average of 127 days [88] 27.7 ± 5.6 
days; [90] 69.74 days ± 35.95. 

The present study aimed to investigate temporal processing using a 
time bisection task with different temporal intervals in chronic cocaine 
users. Patients were tested on the first day of recovery and they were 
tested before and after a left dorsolateral prefrontal cortex (-l-DLPFC) 
high-frequency (HF) repetitive transcranial magnetic stimulation 
(rTMS) protocol, a novel neuromodulation treatment has been demon
strated to be effective in reducing craving, drug use and withdrawal 
symptoms [12,40,41,42,76,13]. 

We predicted temporal overestimation and higher temporal vari
ability in cocaine use disorder (CocUD) patients compared to controls 
tested during the first day of recovery, consistent with the effect of a 
stimulant on clock speed [9]. Moreover, since the long-term rTMS-in
duced neuroplastic effect and the significant improvements in craving 
and other withdrawal symptoms reached after the first treatment week 
(when daily sessions were administered in a consecutive manner) we 
predict attenuated temporal impairment in CocUD patients compared to 
controls at retest. Patients and controls will be assessed at two different 
timepoints 5 days apart to test the possible effect of the intensive phase 
of rTMS treatment on dopaminergic circuits. 

2. Study 1 – time bisection task with short temporal intervals 
range 

2.1. Materials and methods 

2.1.1. Participants 
Eighteen right-handed CocUD male patients and 20 healthy control 

males age-matched were assessed. CocUD participants were recruited 
after referral to the clinic for addiction treatment in Padova, Italy. All 
patients were treatment-seeker participants meeting CocUD diagnostic 
criteria according to the Diagnostic and Statistical Manual of Mental 
Disorders – 5 (DSM 5), as ascertained by a clinical psychiatrist with 
substance use disorders expertise [3]. Exclusion criteria included a prior 
history of other severe psychiatric diseases, including major depression, 
bipolar disorder, schizophrenia or other psychosis, other substance use 
disorder (excluding cocaine, nicotine, and caffeine for CocUD partici
pants), current pharmacological treatment with dopaminergic agonists 
or antagonists (e.g. quetiapine), personality disorders or sleep distur
bances reputed as the primary disorder, current unstable medical status, 
significant neurological illness, and any contraindication for rTMS 
(including implanted metal and devices in the body, or history of 
epilepsy). 

The main demographic and clinical characteristics of the sample are 
summarized on Table 1 divided by group. Healthy participants consisted 
of 20 male participants aged between 27 and 56 (39.4 ± 9.56). CocUD 
individuals (n = 18) were aged between 27 and 53 (37.06 ± 7.44). The 
years of education was between 8 and 18. No significant differences 
were found between groups in age and education (p’s > 0.1). The 
addiction years average referred by the participants was superior to 
seven years (8.06 ± 5.93) and the self-reported days of cocaine con
sumption in the month prior to treatment intake was high (22.33 ±
9.21). 

2.1.2. Clinical assessment 
The core addiction symptomatology (i.e., craving, sleep distur

bances, mood, and other negative affect symptoms) was assessed 
through the following standardized self-report scales: 

Cocaine Craving Questionnaire (CCQ): A self-administered question
naire composed of five questions on intensity and frequency of craving, 
both currently and in the preceding 24 h that have been shown to 
possess short-term predictive validity of cocaine use [86]. Beck Depres
sion Inventory II (BDI-II): A 21-item self-report inventory assesses the 
severity of depression [6]. Self-rating Anxiety Scale (SAS): A self-report 
inventory, which assesses the severity of anxiety [91]. Pittsburgh Sleep 

1 Notably, participants were not methamphetamine-dependent patients, but 
healthy volunteers tested after they had received 10 mg of methamphetamine, 
100 mg of secobarbital or a placebo on separate days. 
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Quality Index (PSQI): A self-report scale to assess perceived sleep quality 
[10]. Symptom Checklist-90-R (SCL-90-R): A brief self-report psycho
metric instrument to evaluate a broad range of psychiatric symptoms 
and to measure the progress and outcome of psychiatric and psycho
logical treatments [18]. Moreover, cocaine use was examined through 
urine drug tests and reports from the patients or from collateral in
formants (usually patients’ relatives). 

2.1.3. Procedure 
CocUD participants were tested in the specialty clinic for Addiction 

in Padua (Italy) and controls were tested either at the same centre or at 
the Department of General Psychology (Padova, Italy). During the task, 
the participants were seated at approximately 60 cm in front of a 15-inch 
PC monitor screen. PsychoPy3 [64] was used to set up and run the ex
periments, which lasted about 10 min. The standardized clinical 
assessment and the task administration were performed to the CocUD 
patients at baseline and immediately after the conclusion of the first 
treatment week (Day 5), excluding BDI-II evaluation, whose instructions 
require the participant to consider the last two weeks preceding the test. 
To adapt to the timepoints assessment of the CocUD cohort, healthy 
controls performed the time bisection task twice with a 5-day gap be
tween sessions. 

The time perception investigation (for Study 1 and 2), limited to the 
psychological research protocol, was approved by the Ethical Commit
tee for the Department of general Psychology, University of Padova 
(Protocol no. 3396), and the study was conducted according to the 
Helsinki’s Declaration. For CocUD patients, at treatment entry, the 
clinical staff (i.e., a psychiatrist and a psychologist) collected an 
exhaustive family, physiological, and pathological history, including 
detailed psychiatric and toxicological aspects. Before such clinical 
collection, patients signed an informed consent agreeing to the use of 
their data for research purposes included in the protocol approved by 
the Ethical Committee at Padua Teaching Hospital (protocol number: 
4743/U6/19). All participants were advised that the data collected 
would be elaborated according to the law on privacy and the Legislative 
Decree N◦. 196 of June 30, 2003, “Personal Data Protection Code”, 
safeguarding anonymity. 

2.1.4. Materials 

2.1.4.1. Time bisection task. We used a time bisection task to test the 

temporal abilities of our participants. The task is composed of a learning 
and a testing phase. In the learning phase, the short anchor duration was 
480 ms and the long anchor was 1920 ms repeated 10 times. After the 
learning phase, participants were instructed to estimate whether the 
probe durations were closer to the “anchor short” or the “anchor long” 
previously memorised. The probe durations were 480, 720, 960, 1200, 
1440, 1680, and 1920 ms. Participants performed three blocks and 
within each block, each duration was presented 10 times in random 
order. Participants were asked to respond with their left and right index 
fingers, and response keys were counterbalanced between participants. 

2.1.5. rTMS procedure 
The rTMS protocol was provided to each patient while seated in a 

comfortable chair by a trained clinical physiologist. TMS stimuli were 
delivered via medical device (MagPro R30, MagVenture, Farum, 
Denmark) targeting the l-DLPFC (MNI coordinates: x = − 50, y = 30, z =
36). To best identify the target region, an optical TMS Navigator 
(LOCALITE, St. Augustin, Germany) and a magnetic resonance image 
(MRI) template were employed. Resting motor threshold (rMT) was 
determined using visual observation of muscle twitch (OM-MT), as 
previously reported [76]. The stimulation protocol parameters, in line 
with the international standards for safety [69], were: 15 Hz frequency, 
100% of rMT, 40 trains, 60 pulses per train, 15 s intertrain interval, and 
2400 pulses per session. Patients received 2 sessions per day for the first 
consecutive 5 days of treatment (10 sessions) with a time interval be
tween daily sessions of 30 min at least. At each session, the possible 
occurrence of adverse events was also monitored. Moreover, individu
alized psychological support was supplied day-to-day by an addiction 
expert clinical psychologist. 

2.1.6. Statistical analyses 
Independent sample t-tests were estimated to test differences in age 

and education between CocUD and healthy control participants. 
Regarding the analyses of time bisection task, we used two different 
approaches following Capizzi and colleagues [11]. Both were performed 
using Mixed-Effects models implemented in the R environment (http:// 
www.R-project.org/) by the means of functions from the lme4 library. 
The first approach considered all trials for each subject, modelling the 
probability of “long” responses through logistic regressions conducted 
with the glmer function (i.e., a generalized linear mixed model, GLMM, 
with probit-link function). The fixed terms included in the GLMM were: 
“Time Interval” as a continuous variable centred and scaled to improve 
the interpretation and the fit of the model, “Session” as a factor (Pre vs 
Post), “Group” as a factor (Controls vs CocUD patients), and their in
teractions. Participants were treated as random effects. Data from trials 
with missing responses were discarded from the analysis. To quantify 
and evaluate the contribution of Session and Group in explaining the data 
two model comparisons were conducted, each one including three 
models: (i) a simple model with just Time Interval as a fixed term; (ii) a 
model adding in one case Session and in the other case Group (and their 
interaction with Time Interval); and (iii) the full model including Time 
Interval and both Session and Group variables. The summary of the 
best-fitting model will be reported. 

Indeed, with the second approach, we calculated for each subject two 
indices as dependent variables. The first was the Bisection Point (BP), 
that is, the stimulus duration at which participants responded “short” or 
“long” with equal frequency. An observed shift of the BP can be un
derstood as a marker of differences in perceived duration [37], with 
smaller BP values meaning longer perceived durations. The second 
dependent variable was the Weber ratio (WR), a measure of temporal 
sensitivity, which is based on the just noticeable difference (JND, i.e., 
the smallest change in the stimulus that produces a change in behaviour) 
divided by the BP. The JND was defined as the difference between 
estimated durations yielding 75% and 25% accuracy [37]. Linear mixed 
models, with a random intercept for each subject, were computed for 
each primary outcome (BP, WR), considering the following variables as 

Table 1 
Demographic and clinical characterization of Experiment 1 sample.  

Variables Controls CocUD Patients 
(test) 

CocUD 
Patients 
(retest) 

n 20 18  
Gender (Female / Male) 0/20 0/18  
Age (years) 39.4 

(9.56) 
37.06 (7.44)  

Education (years) 13.3 
(3.37) 

11.66 (2.47)  

Age of first exposure  20.83 (6.69)  
Addiction years  8.06 (5.93)  
Duration of current 

abstinence (days)  
2.39 (1.68)  

CCQ score  22 (12.87) 5.56 (4.48) 
BDI-II score*  20 (7.42) - 

SAS score  52 (8.82) 38 (7.23) 
PSQI score  10.33 (4.43) 6.06 (3.08) 
GSI score  72.84 (18.72) 47.47 (7.99) 

Data are presented as mean (standard deviation), unless otherwise specified. 
BDI-II Beck Depression Inventory-II; CCQ Cocaine Craving Questionnaire; GSI 
Global Severity Index of the Symptoms checklist 90 - Revised; PSQI Pittsburgh 
Sleep Quality Index; SAS Self-rating Anxiety Scale; * The instructions of BDI-II 
require the participant to consider the last 2 weeks preceding the test; thus, it 
was not included in the retest at Day 5. 
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fixed effects: Session, Group, and Session × Group interaction. To estimate 
the overall effect of predictors it was performed a type III analysis of 
variance with Satterthwaite’s method for computing the denominator 
degrees of freedom of each F-test. Post-hoc multiple pairwise compari
sons were corrected using the Bonferroni method. Data were expressed 
as mean ± standard deviation (SD), unless otherwise specified; alpha 
was set at < .05, two-tailed. Referred to CocUD patients, paired sample 
t-tests were estimated to test differences in the self-report scale scores 
between timepoints. 

2.2. Results 

2.2.1. Logistic regression 
Model comparison showed that the full model, including Time In

terval, Session and Group variables, had the best fit. The summary of the 
model output is presented in Table 2. 

Fig. 1 shows the finding of significant interactions between Time 
Interval and Group, and between Session and Group. Specifically, CocUD 
patients tended to overestimate brief temporal intervals compared to 
controls independently of the Session (Fig. 1. A). Also, control partici
pants significantly reduced the proportion of “long” responses in the 
post assessment as revealed by the post-hoc analyses (OR: 1.345, p =
.01) (Fig. 1. B) (see supplementary materials for analyses and results of 
RT). 

2.2.2. Time perception indices 
Concerning the BP, the analysis of variance showed no significant 

effects (all p > .13). Indeed, we found a significantly main effect of 
Group in the prediction of WR [F(1,38)= 16.93, p < .001]: CocUD pa
tients showed a higher WR compared to controls (Table 3). 

2.2.3. Clinical outcome scores 
Paired sample t-tests showed a significant improvement in the clin

ical symptomatology of CocUD patients over time. In particular, at Day 5 
it was observed a significant decrease of craving [CCQ: t(17) = 6.4, 
p < .001], anxiety [SAS: t(17) = 8.08, p < .001], and of global severity 
index [GSI: t(17) = 6.49, p < .001], and an improvement in subjective 
quality of sleep [PSQI: t(17) = 3.08, p = .001]. 

3. Discussion 

Regarding the clinical symptomatology of CocUD patients, we 
observed a significant reduction of core symptoms (e.g., craving, anxi
ety, self-perceived quality of sleep) after the first week of treatment with 
rTMS. Clearly, it is not possible to exclude a placebo effect and patients 
should be observed for longer time periods. However, previous studies 
showed how this same pattern of improvement observed after 5 days of 
treatment was maintained overtime [12,22,13]. It is out of the purpose 
of the present study to assess the clinical efficacy of rTMS in the treat
ment of cocaine dependence and future studies using a standardized 
approach are necessary to provide more clarity. 

Regarding time processing, we did observe a shift in the psycho
metric function consistent with temporal overestimation in CocUD pa
tients compared with controls. CocUD patients tended to respond more 
time “long” when brief temporal intervals were presented. Considering 
the lack of evidence for a systematic over- or underestimation bias in the 
BP task but a flatter psychometric function for brief intervals we can 
hypothesise that CocUD patients had a noisier memory representation of 
short standard durations [11] rather than a specific dysfunction at the 
level of the internal clock. This is also in line with the lower temporal 
sensitivity observed in CocUD patients. It is worth mentioning that we 
did not find a clear temporal impairment in CocUD patients at baseline 
compared to controls, the interaction between Session and Group indi
cated that at retest controls tended to press less time “long” probably an 
index of learning effect. 

The lack of clear temporal impairment at baseline was surprising 
considering that previous studies have found lower temporal abilities in 
CocUD patients relative to controls. It is important to note that previous 
studies have used longer temporal intervals compared to the present 
study: Mohs et al.’s [60] study participants were asked to produce in
tervals of 30, 60, and 120 s; Wittmann et al. [88] showed temporal 
impairment in patients around 1–2 s and Zhang et al. [90] used temporal 
intervals between 1 and 5 s for the time reproduction task and 
sub-second (between 200 and 800 ms) and supra-second (between 1300 
and 2600 ms) intervals for the time discrimination task. Only Mioni and 
colleagues [58] used brief temporal intervals and similarly to the present 
study, did not observe temporal impairment in substance user patients. 
The authors claimed that the lack of group difference was due to pa
tients’ clinical characteristics (very long time of abstinence). For the 
second study, we decided to use longer intervals considering that pre
vious studies reported temporal disfunction in CocUD patients in 
particular when tested with longer temporal intervals [88,90]. 

It is well known that not only the temporal range but also the type of 
task used affects temporal performance. Previous studies showed that 
temporal impairment in methamphetamine users is more pronounces 
using motor timing tasks rather than using perceptual timing tasks [88, 
90]. In perceptual tasks (i.e., time bisection task) participants typically 
judge relative durations, i.e., for time bisection task if the presented 
interval is more similar -in duration- to the standard short or to the 
standard long. In motor timing tasks, participants are asked to produce a 
motor action i.e., in the time reproduction task participants are asked to 
keep pressed the space bar as long as the duration of the temporal in
terval previously presented [17]. Therefore, in Study 2 we add a second 
timing task, the time reproduction task to test also the motor timing 
component. 

Taken together, we predict lower temporal abilities in CocUD pa
tients compared to control in particular when tested with the motor 
timing task (time reproduction) compared to the perceptual timing task 
(time bisection task). Moreover, we predict attenuated temporal 
dysfunction and reduced temporal variability in patients compared to 
controls after rTMS stimulation. 

4. Study 2 – time bisection and time reproduction tasks with 
long temporal intervals range 

4.1. Materials and methods 

4.1.1. Participants and procedure 
A new sample of 22 right-handed CocUD participants (18 males and 

4 females) and twenty-three right-handed healthy control participants 
(18 males and 5 females) matched for age [t(43) = − 1.31, p = .19] and 
education years [t(43) = − 1.04, p = .3] were studied. The recruitment 
procedure, the CocUD diagnostic modality, and the sample exclusion 
criteria were the same as those described in Study 1. The full baseline 
demographic and clinical features of the participants are shown in  
Table 4. CocUD patients reported being addicted to cocaine for more 
than 5 years on average (5.32 ± 4.94). The self-reported days of cocaine 

Table 2 
Summary of the best fitting model output in Study 1.  

Fixed Effects Odds Ratios CI p 

(Intercept) 1.64 1.11 – 2.40  .012 
Time Interval 22.29 17.65 – 28.15  < .001 
Session 0.74 0.62 – 0.90  .002 
Group 1.28 0.73 – 2.23  .388 
Time Interval × Session 1.04 0.76 – 1.42  .823 
Time Interval × Group 0.62 0.45 – 0.84  .002 
Session × Group 1.37 1.05 – 1.78  .020 
Time Interval × Session × Group 0.77 0.51 – 1.17  .220 
N ID 38    
Observations 9055    
Marginal R2 / Conditional R2 0.637 / 0.699  

S. Cardullo et al.                                                                                                                                                                                                                                



Behavioural Brain Research 460 (2024) 114816

5

assumption during the 30 days prior to admission was high (18.73 
± 10.87). No significant differences were found between groups in age 
and education (p’s > 0.19). Participants underwent identical experi
mental protocol and rTMS procedures as described in Study 1. 

4.1.2. Materials 

4.1.2.1. Time bisection task. We used the same temporal task used in 
Experiment 1 but with longer temporal intervals. In the learning phase, 
the short anchor duration was 1200 ms and the long anchor was 
2640 ms repeated 10 times. After the learning phase, participants were 
instructed to estimate whether the probe durations were closer to the 
“anchor short” or the “anchor long” previously memorised. The probe 
durations were 1200, 1440, 1680, 1920, 2140, 2400, and 2640 ms. 
Participants were asked to refrain from counting [67]. 

4.1.2.2. Time reproduction task. Participants were instructed to repro
duce the duration of a previously viewed stimulus. The stimulus was a 
blue circle that appeared at the centre of the computer screen; after a 1-s 
inter-stimulus interval, a question mark was presented, and participants 
had to press the spacebar for the same duration the stimulus was on the 
screen. Participants were asked to refrain from counting [67]. The 

stimuli used lasted 1200, 1680, 2160, and 2640 ms, each interval was 
repeated 12 times. A practice phase was introduced to familiarise the 
task. 

4.1.3. Statistical analyses 
Similarly, the same analyses conducted in Study 1 were followed 

here for the time bisection task. For the time reproduction task, the data 
were analysed in terms of the estimated-to-target-duration ratio 
(RATIO) and the coefficient of variation (CV). The RATIO was obtained 
by dividing each participant’s time performance by the time duration of 
the interval presented for that trial [RATIO=Rd/Td]. This also provided 
an index of the direction of errors, with coefficients above and below 1.0 

Fig. 1. Significant interaction effects of the full model for Study 1. Panel A depicts the interaction between Time Interval and Group. Panel B depicts the 
interaction between Session and Group. Shaded error areas and error bars show 95% confidence intervals. 

Table 3 
Bisection Point (BP) and Weber Ratio (WR) indices observed in Study 1 and 
Study 2 grouped by Group and Session.     

CocUD Patients Controls    

M (SD) M (SD) 

Study 1 BP Baseline 1085.63 (173.81) 1124.98 (137.54) 
Day 5 1052.52 (226.89) 1169.32 (191.01) 

WR Baseline 0.35 (0.08) 0.26 (0.07) 
Day 5 0.33 (0.12) 0.23 (0.06) 

Study 2 BP Baseline 1887.43 (196.28) 1898.42 (146.85) 
Day 5 1932.23 (234.25) 1897.73 (133.65) 

WR Baseline 0.23 (0.09) 0.16 (0.03) 
Day 5 0.17 (0.07) 0.15 (0.04)  

Table 4 
Demographic and clinical characterization of Experiment 2 sample.  

Variables Controls CocUD Patients 
(test) 

CocUD Patients 
(retest) 

n 23 22  
Gender (Female / Male) 5/18 4/18  
Age (years) 34.48 

(7.77) 
37.27 (6.40)  

Education (years) 12.39 
(3.62) 

13.4 (2.82)  

Age of first exposure  21.36 (4.77)  
Addiction years  5.32 (4.94)  
Duration of current 

abstinence (days)  
12.30 (10.15)  

CCQ score  25.1 (12.06) 6.43 (8.27) 
BDI-II score*  19.45 (10.73) - 
SAS score  48.5 (9.92) 38.95 (9.68) 
PSQI score  9.14 (4.43) 6.95 (3.75) 
GSI score  70.16 (16.80) 51.14 (14.98) 

Data are presented as mean (standard deviation), unless otherwise specified. 
BDI-II Beck Depression Inventory-II; CCQ Cocaine Craving Questionnaire; GSI 
Global Severity Index of the Symptoms checklist 90 - Revised; PSQI Pittsburgh 
Sleep Quality Index; SAS Self-rating Anxiety Scale; * The instructions of BDI-II 
require the participant to consider the last 2 weeks preceding the test; thus, it 
was not included in the retest at Day 5. 
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being indicative of over-reproduction and under-reproduction, respec
tively. The CV was computed by dividing the standard deviation by the 
mean judgment [CV=SD/M]. The CV index represented the variability 
in temporal judgments for each participant and evaluated the consis
tency of time performance for the same target duration [56]. Linear 
mixed models, with a random intercept for each subject, were computed 
for both RATIO and CV coefficients, considering as fixed effects Session, 
Group, Time Interval, and Session × Group × Time Interval interaction. 

4.2. Results 

4.2.1. Time bisection task 

4.2.1.1. Logistic regression. Model comparison showed that the best 
fitting model was the full one, which included Time Interval duration, 
Session and Group variables. The summary of the model output is pre
sented in Table 5. 

Fig. 2 shows the finding of significant interactions between Time 
Interval and Group, and between Session and Group. Specifically, the 
shape of the psychometric curve is significantly flattered in CocUD pa
tients compared to controls (Fig. 2. A). With regard to the significant 
effect of the interaction between Session and Group, post-hoc analyses 
showed a reduction in the proportion of “long” responses in the post- 
assessment, only in the CocUD patients (OR: 1.260, p = .04; Fig. 2. B). 
The Time Interval × Session × Group three-way interaction was not sig
nificant (see supplementary materials for analyses and results of RT). 

4.2.1.2. Time perception indices. Regarding the BP indicator data, no 
predictor had a significant effect (all p > .4. Instead, when the data were 
analysed in terms of WR index, significant effects emerged for variable 
Session [F(1,45)= 13.869, p < .001], Group [F(1,45)= 5.389, p = .02], 
and their interaction [F(1,45)= 7.406, p = .009] (Fig. 3) (Table 6). 
Pairwise comparisons of WR scores showed a significant difference be
tween groups at baseline [t(73.7) = − 3.277, p < .01] but not at Day 5 [t 
(73.7) = − 0.689, p = 1] due to a significant difference between time
points (i.e., baseline and Day 5) in the CocUD group [t(47.1) = 4.407, 
p < .001] which was not observed in the healthy control group [t 
(47.1) = 0.701, p = 1]. 

4.2.2. Time reproduction task indices 
Due to technical issues data of 8 CocUD patients were broken for this 

reason we are reporting the analyses on 14 CocUD patients [mean 
age= 34.2 (5.55) years; level of education= 12.8 (13.0) years] and their 
matched controls [mean age= 31.5 (5.98) years; level of educa
tion= 12.6 (13.0) years]. No differences were observed between groups 
in terms of age [t(26) = 1.24, p = .224] or level of education [t(26) =
0.11, p = .916]. 

Concerning the RATIO, the analysis of variance showed a significant 
effect of Time Interval [F(1196)= 17.82, p < .001), indicating that par
ticipants tended to under estimate time as duration of temporal interval 
increased. No other significant effects were found nor interactions (all 

ps>.2). similarly for the analyses conducted on CV we found a signifi
cant main effect of Time Interval [F(1196)= 29.15, p < .001] indicating 
that participants were less variable as the duration of the temporal in
terval increased. No other significant effects were found nor interactions 
(all p > .1). 

4.2.3. Clinical outcome scores 
Paired sample t-tests showed a significant improvement in the clin

ical symptomatology of CocUD patients over time. Specifically, on Day 5 
it was observed a significant decrease in craving [CCQ: t(19) = 6.08, 
p < .001], anxiety [SAS: t(20) = 4.01, p < .001], and global severity 
index [GSI: t(19) = 6.81, p < .001], and a significant improvement of 
subjective quality of sleep [PSQI: t(20) = 2.41, p = .02]. 

4.3. Discussion 

Concerning the clinical measures, the results of Study 2 draw a 
similar pattern to those of Study 1, showing a significant CocUD core 
symptomatology reduction after the first week of treatment. These re
sults are in line not only with what has been reported in other open-label 
rTMS studies [12,22,13] but also with the outcome of recent 
sham-controlled, double-blind rTMS trials [20,41], especially in in
dividuals with CocUD and depressive symptomatology [47]. 

Concerning the time bisection task, results from Study 2 mirror what 
was observed in Study 1; in spite of the time of assessment, the shape of 
the psychometric curve was significantly flattered in CocUD patients 
compared to controls indicating a noisier memory representation of time 
in patients rather than a specific dysfunction at the level of the internal 
clock [11]. This is also in line with the higher temporal variability 
observed in CocUD patients. As for Study 1, CocUD patients were more 
variable on Day 1 compared to controls, interestingly when tested on 
Day 5 we observed a reduction in variability in patients compared to 
controls. No effect of session was observed in controls in terms of 
variability. 

Study 2 also included a time reproduction task to tap motor timing. 
Participants tended to over-reproduce short intervals and under- 
reproduce longer intervals consistent with Vierordt’s law [39] also 
called the migration effect [43]. Vierordt’s law describes an individual’s 
reproduction central tendency, which depends on the distribution of 
displayed durations (i.e., temporal context) rather than current stimuli 
[27]. The effect cannot be explained in terms of decreased internal 
timekeeper speed. Based on the finding that the effect does not occur 
when only one-time duration is included in a single session, the shift of 
reproduced temporal duration has been ascribed to dysfunctional 
short-term memory [43], more specifically, “temporal memory aver
aging,” when two or more temporal representations have to be stored in 
memory [5]. Differently from Wittman et al. [88] and Zhang et al. [90] 
we did not observe lower temporal ability or higher variability in CocUD 
patients compared to controls on Day 1. Both studies used a time 
reproduction task with temporal intervals between 1 and 5 s. Wittmann 
et al., [88] showed temporal underestimation at 2 s and higher temporal 
variability at 1 s in patients compared to controls; Zhang et al. [90] 
showed higher temporal underestimation for durations longer than 2 s 
but unexpectedly patients were less variable than controls. 

5. General discussion 

The present study was conducted to further investigate temporal 
misperception in stimulant-dependent users. We included two temporal 
intervals: short range (480 – 1920 ms) and long range (1200 – 2640 ms) 
and two timing tasks tapping perceptual (time bisection task) and motor 
(time reproduction task) temporal abilities. 

The strongest evidence of an effect of stimulant on timing comes 
from studies with rats [14,15]. They reported that stimulant induced 
leftward shift, suggesting an accelerated speed of the internal clock and 
temporal overestimation [16]. The underlying mechanism of this effect 

Table 5 
Summary of the best fitting model output in Study 2.  

Fixed Effects Odds Ratios CI p 

(Intercept) 1.19 0.86 – 1.63  .294 
Time Interval 15.06 12.35 – 18.36  < .001 
Session 1.02 0.86 – 1.22  .816 
Group 1.11 0.71 – 1.75  .648 
Time Interval × Session 1.25 0.94 – 1.67  .125 
Time Interval × Group 0.67 0.52 – 0.87  .003 
Session × Group 0.78 0.61 – 0.99  .043 
Time Interval × Session × Group 1.07 0.73 – 1.57  .720 
N ID 45    
Observations 9287    
Marginal R2 / Conditional R2 0.615 / 0.667  
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mainly relates to the effect of stimulant to the dopaminergic system in 
the striatum and prefrontal cortex [23,63]. In other words, the dopa
mine mechanism of time perception overlaps with stimulant-affected 
brain regions (e.g., prefrontal-striatum network, motor cortex). Studies 
conducted with humans seem to point in the direction of temporal 
impairment in stimulant dependent patients but a closer look at the 
results indicate a mixed patter of results. Indeed, temporal mispercep
tion depends on the temporal task used, the temporal range under 
investigation, and the length of abstinence [60,88,90,58]. 

Our results limit our ability to draw strong conclusions regarding the 
causal effect of stimulant dependence on time processing. They suggest 
that temporal processing abnormalities in CocUD patients result from 
dysfunctions in fronto-striatal areas of the brain that increased temporal 
variability rather than time perception. Higher variability has been 
observed in patients and interpreted as a marker of lower cognitive 
abilities. Overall, the prefrontal cortex is strongly involved in executive 
functions such as attention regulation, the control of behaviour and 
thoughts, and planning for future actions [46,61,72,84,82,83]. These 
complex cognitive functions are intimately related to impulse control 
and are impaired in substance abusing individuals [36]. 

Previous studies showed a specific role of the right DLPFC in explicit 
time processing in the range of seconds [17,57,87]. Koch and colleagues 
(2004) showed an improvement in time processing (accuracy) in pa
tients with PD when rTMS (5 rTMS trains of 50 stimuli at 5-Hz fre
quency) was applied over the right DLPFC. The authors suggested that 

Fig. 2. Significant interaction effects of the full model for Experiment 2. Panel A depicts the interaction between Time Interval and Group. Panel B depicts the 
interaction between Session and Group. Shaded error areas and error bars show 95% confidence intervals. 

Fig. 3. Significant interaction effect in the linear mixed model predicting WR in 
Study 2. Error bars show 95% confidence intervals. 

Table 6 
Mean and standard deviation for RATIO and CV of time reproduction task in Study 2 grouped by Group, Time Interval and Session.    

Time Intervals   

1200 ms 1680 ms 2160 ms 2640 ms   

Baseline Day 5 Baseline Day 5 Baseline Day 5 Baseline Day 5   
M(SD) M(SD) M(SD) M(SD) M(SD) M(SD) M(SD) M(SD) 

Ratio CocUD Patients 0.98 (0.23) 1.09 (0.21) 0.98 (0.19) 0.99 (0.18) 1.02 (0.31) 0.97 (0.10) 0.89 (0.2) 0.92 (0.13) 
Controls 1.01 (0.18) 1.07 (0.20) 1.02 (0.12) 1.05 (0.12) 1.00 (0.14) 0.99 (0.10) 0.93 (0.10) 0.97 (0.14) 

CV CocUD Patients 0.29 (0.15) 0.22 (0.11) 0.25 (0.09) 0.19 (0.10) 0.24 (0.27) 0.12 (0.06) 0.16 (0.11) 0.14 (0.08) 
Controls 0.20 (0.09) 0.20 (0.08) 0.17 (0.05) 0.18 (0.06) 0.14 (0.05) 0.12 (0.04) 0.14 (0.06) 0.11 (0.04)  
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rTMS over the right DLPFC may improve time perception in PD patients 
by enhancing directly the DLPFC activity, which is decreased because of 
reduced input from the basal ganglia. Here we target the left DLPFC 
because of strong evidence that stimulation of this region modulates the 
activity of the meso-cortico-limbic circuitry via the anterior cingulate 
cortex (ACC) [77], which is a crucial area for craving states emergence 
[32], but the ACC-DLPFC interplay is also thought to be determinant in 
the adjustment to other cognitive processes [44]. Therefore, we ex
pected a similar beneficial effect of rTMS on CocUD patients as the one 
observed in PD patients [34]. We observed a reduction in temporal 
variability rather than a modulation of perceived time. Accuracy and 
variability are two distinct indices, with accuracy reflecting how close 
timing responses are to their target, and variability reflecting how 
repeated responses are spread from their target [28]. Previous studies 
speculated on right/left hemispheric differences for temporal accuracy 
and variability, respectively. It is important to note that previous studies 
targeted different brain areas but is still worth mentioning that they 
showed reduced temporal variability when electric stimulation was 
applied over the left hemisphere. Vicario et al., [80] targeted the right 
and left posterior parietal cortex (PPC) with anodal/cathodal trans
cranial direct current stimulation (tDCS). Results showed that cathodal 
tDCS applied over the right PPC produced temporal over-estimation 
(modulates accuracy), instead, when cathodal tDCS was applied to the 
left PPC reduced temporal variability. Further support to a possible role 
of the left hemisphere in monitoring timing variability originates from a 
study on individuals with a left-sided stroke, who were asked to perform 
a tapping task; a higher variability of the inter-tap interval was observed 
in stroke patients compared to control individuals (Kwon et al., 2007). 

However, when it comes to interpreting our results, several limita
tions need to be considered. First, the naturalistic clinical setting in 
which our cohort of CocUD patients underwent the rTMS treatment did 
not allow to manipulate the brain stimulation protocols and therefore, to 
better control whether the effects were due to differential practice ef
fects or not. Future time perception research on CocUD participants 
undergoing rTMS should address this issue by inserting sham or vertex 
stimulation as control groups. Second, male participants were over
represented in our study sample. Since important gender differences in 
the cocaine dependence symptomatology and neurobiology, including 
arousal and stress reactivity process, which are mostly increased 
cocaine-dependent women compared with men [51], and that are 
known to produce time distortion effects [79], more pronounced time 
misperception findings than that of the present study would be expected 
from forthcoming timing CocUD studies with samples better distributed 
by gender. Taken together we showed a temporal overestimation of 
CocUD patients compared to controls independently of the day of 
testing; rTMS modulated temporal variability in Study 2 indicating 
reduced variability in patients at Day 5. Moreover, our results confirmed 
previous evidence of a clinical improvement in CocUD patients after 
rTMS treatment. 
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