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Chapter 7 

 

Research has associated a number of neural

reproduction of supra-second time intervals.

supra-second intervals has been associated

brain activity, commonly instantiated by 

ascribed to the accumulation of temporal

pacemaker (Macar, Vidal, & Casini, 1999;

Figure 1 in Chapter 1). In this thesis, I challenge

of temporal accumulation and investigate

functional role of the CNV in interval timing.

markers that index the perception and

subjective time better than the CNV. Unlike

new markers do not focus on the timed

immediately before or after the onset or

EEG/MEG components that are known to

during, and after a timed interval is shown

Figure 1. Overview of EEG/MEG components

with time estimation. Red color indicates

thesis. 

 

The components marked red were 

thesis. This chapter discusses the implications

mechanisms of timing and time perception,

observed in the animal electrophysiology literature

In the remainder of this Chapter,

phenomena that have been linked to interval

neural activity, and pre- and post-interval

components add to the debate on the role 

115 

neural signatures with the perception and 

intervals. More specifically, the perception of 

associated with the slow buildup of electromagnetic 

 the CNV. This ramping activity has been 

temporal pulses that are generated by the internal 

1999; Pfeuty, Ragot, & Pouthas, 2005; see 

challenge the notion that the CNV is a marker 

investigate alternative explanations regarding the 

timing. Additionally, I propose novel EEG 

and reproduction of time, and that predict 

Unlike the slow electromagnetic fields, these 

timed interval but instead indexes processes 

or offset of the interval. An overview of 

to index time-estimation processes before, 

shown in Figure 1.  

 

components recorded from human participants associated 

indicates components that were investigated in this 

 investigated in the studies reported in this 

implications of these findings for theories and 

perception, and neural markers of interval timing 

literature where relevant. 

Chapter, I will introduce and discuss neural 

terval timing: intensively debated climbing 

interval components. I will also discuss how these 

 of the SMA in interval timing.   
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Climbing neural activity and interval timing 
 

Whenever participants are presented a stimulus that has to be associated with a 

subsequent stimulus or action this initial stimulus typically triggers a slow neuronal 

activity. This slow neuronal activity that persists even in the absence of a physical 

stimulus, often described as climbing neural activity (CNA, for review see, 

Durstewitz & Deco, 2008; Simen, 2012; Wittmann, 2013), has been associated with 

anticipation, planning, and working memory maintenance (Durstewitz & Seamans, 

2006), with discriminative performance (Romo & Salina, 2003), but also with the 

encoding of temporal information (Durstewitz, 2003; Reutimann, Yakovlev, Fusi, & 

Senn, 2004). Besides the fact that a typical CNA pattern alludes to some sort of 

cumulative process, there is little evidence that the value of CNA at a given time 

reflects some cumulative neural quantity (e.g., Durstewitz & Deco, 2008). Several 

theories have been proposed to account for rise of CNA. For example, Durstewitz 

(2003, 2004) proposed that the stable configuration of a so-called line attractor 

(i.e., a network of elements that is recurrently connected and exhibits a stable 

pattern such as stable firing rates) can be disrupted at the level of single neurons by 

feedback from Ca2+ currents, resulting in the buildup of a CNA. Another proposal 

conceives CNA at a global neuronal level and assumes that the climbing activity in 

excitatory neurons is caused by a firing rate adaptation of inhibitory neurons 

(Reutimann, Yakovlev, Fusi, & Senn, 2004). Yet another model poses that groups of 

neurons that give rise to CNA are bistable (Deco, Ledberg, Almeida, & Fuster, 2005; 

Durstewitz & Deco, 2008; Kitano, Okamoto, & Fukai, 2003), but assumes that 

averaging over many neurons result in an observed climbing activity. Interestingly, 

apart from neuronal recordings that resemble the CNA, studies have identified 

many more neuronal patterns. For example, Jin, Fujii, and Graybiel (2009) 

identified neurons which activity was tied to specific event and the passage of time 

since that event. If such time-stamp activity is averaged over many trials it will 

result in the CNA (Durstewitz & Deco, 2008).  

Although the exact neural mechanism driving CNA remains unknown (for a 

review, seeDurstewitz & Deco, 2008), it is assumed to be a very general neural 

process as a CNA-like ramping pattern has been found in many different brain areas 

such as the thalamus (Komura et al., 2001; Tanaka, 2007), the prefrontal cortex 

(Watanabe, 1996), in motor and premotor structures (Lebedev, O’Doherty, & 

Nicolelis, 2008; Mita, Mushiake, Shima, Matsuzaka, & Tanji, 2009), and in the 

striatum (Hassani, Cromwell, & Schultz, 2001).   

The claim that the CNA reflects interval timing is supported by at least two 

arguments. Firstly, a CNA-like pattern has been shown to be present during interval 

timing in a broad range of intervals. Secondly, the slope of the CNA is a function of 

the length of the interval, suggesting that the mechanisms underlying the CNA are 

sensitive to the intended duration (Mita et al.,  2009). Interestingly, besides this 

classical CNA trace  that resembles an accumulation pattern , a recent study has 

shown a much richer pallet of CNA-like patterns at the level of individual spiking 

neurons (Merchant, Zarco, Pérez, Prado, & Bartolo, 2011). This work classified four 

types of ramping patterns: motor cells, relative timing cells, absolute timing cells, 

and time accumulator cellsanddemonstrates that CNA has more functions than has 
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been previously thought. In line with these results, theoretical work has proposed 

the idea that these neuronal patterns that are typically interpreted as evidence 

accumulation can also serve as a threshold mechanism that could be distinguished 

from more gradual accumulator-like activations (Simen, 2012). Additionaly, recent 

evidence also challenges the notion that CNA exhibited by individual neurons is 

directly linked to time accumulation (Schneider & Ghose, 2012; Simen, 2012; Cook 

& Pack, 2012, Goel & Buonomano, 2014; cf., Wittmann, 2013). 

Interestingly, Schneider & Ghose (2012) demonstrated that at the level of 

individual spiking neurons, time judgments can be associated with a decrease of the 

spiking rate.They trained monkeysto performself-timed rhythmic sequences of 

saccades. Whereas most studies in animals showing an increase in spiking activity 

havescheduled reward at predictable time on each andevery trial, Schneider and 

Ghose (2012) minimized reward anticipation by delivering the reward at random 

times in the sequence of the saccades.) Crucially they showed that the decrease in 

activity of the lateral interparietal area between saccades was predictive of inter-

saccadic interval length. Importantly, the CNA account is based on the assumption 

that an increase in neural activity reflects process of neural integration (cf., Mita et 

al., 2009). Such decrease in activity (Schneider & Ghose, 2012; also see Cook & 

Pack, 2012), has consequences for the idea of neural integration of temporal pulses. 

This decrease in activity is clearly at odds with the idea of accumulation of pulses 

over time as a cumulative value cannot be expressed as decreasing neuronal activity.   

 

 

CNA instantiated as the CNV and its relation to 

interval timing 

 

The first and most commonly studied type of CNA in the context of interval timing 

is the contingent negative variation (CNV). However, Chapters 2, 4, and 5 of this 

thesis presents crucial evidence against, and arguments questioning the direct link 

between the CNV amplitude and the temporal accumulator. Chapter 2 tested the 

assumption that the CNV as measured from the SMA and preSMA tracks the 

accumulation processes as has been proposed in the context of information 

processing theories of interval timing.  However, the CNV amplitude did not 

correlate with the variations in temporal performance, questioning this widely cited 

assumption. Moreover, the CNV amplitude was influenced by time-on-task effects, 

such that over the course of the experiment the CNV amplitude was decreasing. This 

habituation effect is in contrast with the assumption that the CNV reflects a stable 

accumulation process, and is therefore not predicted by, or even evidence against 

the temporal accumulation hypothesis (Macar et al., 1999). On the basis of the 

empirical findings in Chapter 2, Chapter 3 evaluates CNV phenomena from the 

perspective of temporal accumulation and preparation for action accounts. In 

addition, Chapter 3 provides a theoretical discussion pointing out some of the 

inconsistencies between theories of interval timing and the experimental results 

that are often interpreted in favor of the temporal accumulation hypothesis (Macar 

et al., 1999). Together, Chapters 2 and 3 challenge the direct link between CNV and 
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temporal (accumulation) processes. Hence, one cannot use these data to argue that 

the basis of temporal performance, the accumulator, is indexed by the CNV. 

Moreover, over the course of the experiment, the CNV amplitude decreased. 

This observation is difficult to explain in the context of the hypothesis that the CNV 

reflects temporal accumulation hypothesis. That is, over the course of the 

experiment, the accumulation should - on average - always reach that value that 

represents the estimated interval. A strict temporal accumulation hypothesis should 

therefore predict that when habituation effects are observed, the estimated 

durations are shortened. As the habituation effect was not correlated with a 

shortening of produced duration, this effect argues against the temporal 

accumulation hypothesis (Macar et al., 1999).  

Regardless of the habituation effect, a careful analysis of the empirical 

evidence and the theoretical models that provide the context in which the evidence 

is evaluated, shows that the reasoning on the basis of which it is suggested that the 

CNV represents the temporal accumulator is inconsistent with these theories 

(Chapter 3, this thesis). Instead of the indexing temporal accumulation assumption, 

Chapter 3 presents an alternative account of the CNV, proposing that the CNV 

reflects expectancy and readiness for an upcoming event. For example, O’Connel et 

al. (2009) demonstrated that the CNV amplitude preceding a target was larger in hit 

trials than in miss trials, suggesting that CNV determines a level of stimulus 

detectability. Alternatively, Boehm, Van Maanen, Fortsmann, and Van Rijn (2014) 

have shown that the CNV amplitude is higher in trials in which response-caution is 

low, suggesting that the CNV is negatively correlated with meticulous responding. 

These data suggest that expectation of and preparation for an event can be regulated 

through modulation of neural excitability (Elbert, 1993; Rockstroh, Muller, Wagner, 

Cohen, & Elbert, 1993). These examples show that neural excitability and CNA can 

be seen as general phenomena in which other cognitive processes can be structured 

and embedded (also see Kösem, Gramfort, & Van Wassenhove, 2014).   

This expectation-based process is even visible in paradigms that reduce the 

involvement of motor activity in a temporal judgment task. For example, in a 

temporal generalization or bisection task, participants are asked to judge the length 

of an interval in comparison to one or more given standards. As the response 

indicating the judgement can be delayed, the perception of the interval is not 

associated with any motor actions. The most remarkable feature of the CNV in these 

tasks is that it starts to deflect at the time the temporal decision is made. For 

example, in a temporal generalization task, the CNV will deflect at around the point 

of time when the associated response switches from "shorter-than-the-standard" to 

"longer-than-the-standard". Based on the notion that the deflection reflects the end 

of the accumulation process, and thus the end of the process that keeps track of 

time, decisions made after the deflection of the CNV cannot be based on differential 

temporal information. This assumption was tested in Chapter 5. In line with earlier 

temporal-generalization studies, we showed that the CNV indeed deflects at the 

time of the memorized standard, and also showed that behavioral performance for 

durations longer than the standard, and thus when the CNV has deflected, was still 

a function of the amount of time that had passed. Whereas the CNV did not 

correlate with behavioral performance, the amplitude of N1P2 component evoked 

by the offset of the comparison interval increased as a function of the temporal 
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distance from the SI, and the latency of the P2 component followed the hazard rate 

of the CIs, indicating that timing processes continue after the resolution of the CNV. 

Based on these data, Chapter 5 provides the first direct EEG evidence that the 

subjective timing of multi-second intervals does not depend on climbing neural 

activity as indexed by the CNV, but that the subjective experience of time is better 

reflected by potentials evoked by the end of the interval.  

An additional consequence of the hypothesis that the CNV reflects the 

accumulator is that longer durations should be associated with higher amplitudes 

(assuming an absolute accumulator, see Macar et al., 1999), or that different 

durations are associated with the same amplitude (assuming a relative accumulator, 

see Pfeuty et al., 2005). This assumption was tested in the experiment reported in 

Chapter 4 in which participants were asked to reproduce durations of 2, 3 and 4 

seconds. Similarly to the original study by Elbert et al. (1991), the CNV amplitude 

was larger at the end of the interval for the 2 second duration than for the 3 and 4 

second durations. The enhancement of the CNV amplitude in the 2 second 

condition is in line with the results of a temporal bisection study in which the 

amplitude of the CNV was larger in the context of shorter anchor and probe 

durations than in the context of longer durations (Ng, 2014). Moreover, at the level 

of individual subjects, the CNV amplitude showed a negative correlation with the 

reproduced duration, such that a larger amplitude was associated with a shorter 

duration, a finding diametrically opposed to any hypothesis relating CNV amplitude 

to the accumulation of time (but see Chapter 3, or Boehm et al, 2014, for a possible 

explanation). 

Another hypothesis that can be derived from CNA theories is that the build-

up of anticipation over time should be associated with a ramping pattern, as the 

passing of time is the driving factor behind the increased anticipation. Interestingly, 

electrophysiological studies in humans provide evidence that anticipatory activity is 

not necessarily associated with ramping patterns. For example, Ng, Tobin, & Penney 

(2011) used a duration bisection paradigm in which subjects are asked to categorize 

durations as either more similar to the short, or to the long anchor. In line with the 

expectations, Ng et al. (2011) observed a negative deflection that started at the onset 

of the duration that had to be categorized. However, as soon as the short anchor 

duration was reached, the CNV remained stable until the onset of the late anchor, 

and then resolved.  We have also observed a similar pattern of results in a temporal 

orienting task in which a target could occur at an early or late time point (Boshoff, 

Kononowicz, & Van Rijn, unpublished observation). In line with the results of Ng et 

al. (2011) these results suggests that CNV can reflect persistent activity indexing 

sustained preparation and the development of this preparation in time. This 

hypothesis finds support in other electrophysiological measures as both single cell 

recordings (Janssen & Shadlen, 2005) and slow EEG activity (Trillenberg, Verleger, 

Wascher, Wauschkuhn, & Wessel, 2000) accurately reflects the expectation of event 

occurrence. Thus, as such, the CNV can be interpreted to mediate how the brain 

controls excitability in preparation for an upcoming internal or external stimulus 

(Elbert 1993, Boehm, et al., 2014; Plichta et al., 2013; Rockstroh et al., 1993). In 

another words, the CNA at a given time could reflect task-related brain states such 

as the level of preparation or the neural excitability that is needed to maintain a set 

of mental operations. Of course, for the optimization of resources the brain has to 
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rely on some kind of temporal information that would allow control of these 

processes over time. Thus, although these results suggest that the primary function 

of the CNV is the temporal organization of excitability, it is still conceivable that the 

CNV and CNA convey some sort of temporal information. However, although the 

CNV might be based on temporal information, it is unlikely that it is the source of 

temporal information for other cognitive processes. 

 

 

CNA instantiated as beta power and its relation to 

interval timing 
 

To investigate whether other EEG components could index timing during the to-be-

timed interval, Chapter 6 investigates the role of oscillatory power in time 

estimation (also see Kononowicz & Van Rijn, 2014b). As previous studies have 

linked the ramping of oscillatory power in theta and beta frequency bands to the 

function of evidence accumulation (e.g., Donner, Siegel, Fries, & Engel, 2009; Van 

Vugt, Simen, Nystrom, Holmes, & Cohen, 2012), these two frequency bands are the 

potential candidates to index temporal performance. Based on a reanalysis of the 

data reported in Chapter 2, the analyses reported in Chapter 6 demonstrate that 

trial-to-trial variability in interval timing is predicted by beta oscillatory power 

measured immediately after the onset of the interval, suggesting that temporal 

reproduction is biased from the onset of a temporal interval. Interestingly, the slope 

of the down-ramp of beta oscillatory power within timed interval did not 

differentiate between time reproductions. In other words, beta power does not seem 

to reflect the slope of temporal integration, but in terms of drift diffusion models of 

temporal decision making (e.g., Simen, Balci, deSouza, Cohen, & Holmes, 2011) beta 

power effect could be interpreted as reflecting trial-to-trial fluctuations in the 

starting point of a decision process. This assumption suggests that beta power is 

involved in an early formation of temporal judgment. As beta power was measured 

at the onset of the reproduced duration, these results indicate that instead of just 

looking at the offset of reproduced durations as is typically done in interval timing 

studies, future studies should also take into account any differences at or before the 

onset of the interval. 

  

 

The role of SMA in interval timing 
 

The results presented in this thesis together with other studies investigating CNV in 

humans have demonstrated that this ramping pattern originates from the SMA and 

pre-SMA. Apart from studies on interval timing, the role of the SMA seems to be an 

important and hotly-debated topic in other fields of cognitive neuroscience, 

evidenced by the observation that studying the SMA increases the chances to 

publish one's work in higher impact factor journals (Behrens et al. 2013). The SMA 

has been associated with phenomena that have an obvious temporal aspect, such as 

rhythmicity and beat perception, but also with phenomena that have a more indirect 

link to timing, such as intentions, volition, and movement preparation. For 
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example, Penfield and Welch (1951) reported that weak current stimulation of the 

SMA caused patients to feel the urge to move. Along the same lines, Lau, Rogers, 

Haggard, and Passingham (2004) found that the activation of the pre-SMA did 

increase when participants were asked to pay attention to the intention of 

movement (for review see Haggard, 2008; Tanji, 1994).  More specifically related to 

timing, Coull, Vidal, Nazarian, and Macar (2004) and Liu et al. (2013, also see 

Schubotz, 1999) have reported that the activation of the SMA is a function of the 

attention devoted to a timing task, and other work has shown that it is also active 

during interval encoding and during interval comparison (Coull, Nazarian, & Vidal, 

2008; c.f., Bueti & Macaluso, 2011). As climbing neural activity is often recorded in 

the SMA and premotor structures (Casini & Vidal, 2011; Van Rijn et al., 2014), a 

common view is that the SMA serves as the accumulator for the pulses generated in 

other parts of the brain (e.g., Bueti & Macaluso, 2011; Macar et al., 1999), 

presumably in the basal ganglia, or in more general terms, that the SMA is a crucial 

brain structure involved in interval timing tasks (e.g., Wiener et al., 2012). However, 

the work by Livesey, Wall and Smith (2006) showed that when a timing task was 

contrasted against a non-temporal but difficult task, the SMA was not more active 

during the timing task, suggesting that the SMA might reflect relative cognitive 

demands.  

In this thesis, instead of contrasting timing tasks against a control task, the 

activity driving a timing task was correlated with timing behavior. The data 

presented in Chapter 2 and 4 nicely aligns with the notion that SMA is important in 

interval timing, but cannot be seen as a brain structure directly responsible for 

perception of temporal intervals. Chapter 4 investigated the relationship between 

behavioral performance in a time reproduction task and the amplitudes of the CNV 

and its magnetoencephalographic analogue, the CMV. Unlike earlier studies 

correlating CNV and CMV activity, participants in this study were asked to 

reproduce supra-second temporal durations. Chapter 4 had two crucial findings that 

addto the functional role of SMA in interval timing. Firstly, in contrast to the CNV, 

which shows a steady increase in amplitude from the onset until the offset of an 

interval, only the last part of the CMV, the so-called pre movement magnetic field 

(preMMF) which  originated from the SMA, tracks the reproduction of supra-

second temporal durations. The preMMF was most likely related to late movement 

preparation. As the signature of the CMV/preMMF differs from the CNV, we argue 

that additional information on the neural mechanisms of interval timing can be 

obtained when these two components are both assessed when investigating the role 

of SMA in reproduction of temporal intervals. The second finding was based on the 

positive correlations between behavioral performance and CNV amplitudes.  

Unfortunately, there is currently no alternative proposal in the time 

perception literature that would describe the functional role of SMA in such a 

simple and mechanistic way as the temporal accumulation hypothesis. For example, 

the striatal beat frequency (SBF) model (Matell & Meck, 2004) posits that timing 

arises from coincidence detection between medial spiny neurons and cortical 

oscillators in prefrontal cortex and SMA (Gu, Van Rijn & Meck, 2014). However, it 

remains silent about the differentiation between these structures. Another 

possibility is that the SMA may play a less specific role than proposed by the 

temporal accumulator hypothesis. For example, the robust connectivity between the 
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thalamus and SMA (Plichta et al., 2013) has been interpreted as support for the 

notion that the SMA could play a role in the facilitation of information processing by 

providing an automatic expectancy signal (Mento, Tarantino, Sarlo, & Bisiacchi, 

2013), or by regulating a response threshold (Boehm et al., 2014; Fortsman et al., 

2008; Van Maanen et al., 2011). The results discussed in Chapter 6, in which it was 

demonstratedthat beta oscillatory power originating from the SMA indexes interval 

timing, can be interpreted to be similar to setting the delay of an automatic 

expectancy signal. This is also in line with the idea that interval termination is a 

ballistic process (Schurger, Sitt, & Dehaene, 2012), as this assumes that a parameter 

at the interval onset influences a ballistic cascade of neural events. In other words, 

the ramping activity in the SMA could index the preparation for upcoming stimuli 

through changes in excitability, but the time at which preparation is maximal is 

predetermined. This notion has been explored in the context of other decision 

making tasks. For example, to account for perceptual decision making data, in the 

urgency gating model (Cisek, Puskas, & El-Murr, 2009) the idea of accumulation 

was replaced with an "urgency factor" which serves as a multiplicative factor for 

incoming evidence. In the simplest scenario such multiplicative and ballistic 

urgency factor can be implemented by changing excitability (Reutimann et al., 

2004). In the context of interval timing, the changing excitability can be conceived 

to strengthen the process of learning and memory (Daoudal & Debanne, 2003) for 

temporal intervals in the encoding stage, and influencing coincidence detection in 

the comparison or reproduction stages by providing excitatory input from cortex to 

striatum and thalamus (Mattel & Meck, 2004). These considerations imply that the 

SMA could regulate, facilitate and monitor the process of coincidence detection 

between striatum and prefrontal cortex. Hence, the SMA is involved in interval 

timing, but does not necessarily have to be considered as the accumulator of 

temporal information. 

 

The role of pre and post-duration components in 

time perception 
 

In a typical interval timing paradigm, a time interval is demarcated by brief sensory 

events (e.g., brief tone bursts or flashes of light) or indicated by continuous 

stimulation (Bueti & Macaluso, 2011; Coull et al., 2004). Typically, studies using 

neuroscience-methods to investigate interval timing (e.g., EEG, Praamstra, Kourtis, 

Kwok, & Oostenveld, 2006; Wiener et al., 2012; or single cell recordings Mita et al., 

2009) have focused on brain signatures occurring during the timed interval. 

However, in the context of other cognitive tasks such as perceptual decision making, 

it has been demonstrated that behavioral response and the associated brain 

responses are not simply a function of stimulus-related processing, but that the 

perception of an event is influenced by the brain states before (e.g., Busch & Van 

Rullen, 2009; Deco & Romo, 2008; Engel, Fries, & Singer, 2001) and even after 

(Sergent, Wyart, Babo-Rebelo, Cohen, Naccache, & Tallon-Baundry, 2013) the 

event. Of course, this notion relates to other contemporary advancements in the 

cognitive neurosciences that propose that perception is an active process (Friston, 

2010). All these considerations indicate that influences on the judgment of temporal 
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durations may not be temporarily constrained to the period of the temporal interval, 

but that pre- and post-interval neural activity may play a role in interval timing. 

However, there are only few studies that have explored post-interval periods (e.g., 

Genovesio, Tsujimoto, & Wise, 2006, 2009) whereas, to our best knowledge, the 

pre-interval period has not been investigated. 

In Chapter 6 we investigated whether the activity measured before the onset 

of the interval influences the produced duration and we showed, for the first time, 

that beta power measured before the self-initiation of the time interval predicts the 

length of the produced duration. We hypothesized that dependency is driven by 

either pre-setting the level of motor inhibition or alternatively by adjusting the 

starting point of the decision process. Although the data did not allow for a specific 

claim with respect of the role of beta power in the context of information-processing 

models of interval timing, beta power could reflect several factors that might 

influence the internal clock (e.g., modulations of the clock speed, also see Burle & 

Casini, 2001). In the context of the SBF model, an explanation is more readily 

available, as beta power in pre-interval period can be linked to the tonic level of 

dopamine, a neurotransmitter crucial for biologically plausible models of interval 

timing such as the SBF (Mattel & Meck, 2004).  

Whereasstudying the pre-interval period might provide additional insight in 

the workings of the clock component - especially the starting phase - studying post-

interval periods can be beneficial for unraveling the mechanisms associated with 

making a decision based on temporal information. Although most work has focused 

on the neural signatures observed during the interval, some studies have focused on 

the responses evoked by the end of the interval. For example, Brannon, Libertus, 

Meck, & Woldorff (2008) used a temporal oddball task and showed that the 

mismatch negativity increases as a function of the temporal difference between 

standard and deviating intervals. Similarly, Loveless (1986) showed that the 

amplitude of the N2/P3 complex increases as a function of temporal deviance. The 

amplitude modulation found in these studies has been interpreted as a reflection of 

a degree of deviance, suggesting that a currently elapsing interval is automatically 

compared to a template duration (see also Mento et al., 2013; Mento, 2013). Where 

methodological issues limited Brannon et al. (2008) and Loveless (1974) to assess 

only the potentials evoked by shorter than standard durations, Chapter 5 

investigated potentials evoked by durations shorter and longer than the standard 

interval. In line with the earlier results, the observed amplitudes were a function of 

the deviance with the standard, with the N1P2 amplitude forming a V-shaped 

pattern as it tracked the distance to the standard interval (cf. Tarantino et al., 2010). 

This symmetric pattern of post-interval components indicates the brain remains 

sensitive to temporal duration even after standard interval has passed. Recently 

these results have been replicated in the temporal oddball task in which participants 

were presented with two oddball durations longer than the standard duration 

(Mento, Tarantino, Sarlo, & Bisiacchi; under review). As these authors used high-

density EEG recordings, they were able to utilize the source reconstruction 

technique and identify cortical sources of the offset components. The results showed 

two active sources: the right dorsolateral prefrontal cortex and the SMA. The 

activity in both structures increases as a function of deviance of temporal oddball. 

The r-DLPFC has typically been associated with temporal prediction and 
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monitoring..However, the right Inferior Frontal Gyrus was also involved in the pre-

attentive change detection (Tse & Penney, 2008; Tse, Tiun, & Penney, 2006) that 

suggests a pivotal role of right frontal cortex that depends on task demands. As only 

one set of probabilities was used in the study by Mento et al. (0.7, 0.3, 0.3, 

proportions for 1.5, 2.5, and 3s durations, respectively), the lack of condition with 

modified proportions withhold from clear distinction between the comparison 

account and the hazard rate account. Neverthelessthe study by Mento et al. (under 

review) further extends the results by Kononowicz and Van Rijn (2014) in that it 

showed a composition of neural sources that play a role in the comparison process. 

Of course, it would be of great interest to explore underlying hierarchy and 

connectivity of these sources as it has been demonstrated in case of Mismatch 

Negativity component using direct causal modelling (e.g., Garrido, Kilner, Kiebel, 

Friston, 2008). Such a technique also allows for modelling of deep brain sources 

(David, Maess, Eckstein, and Frederici, 2011), which could be involved in the 

generation of prediction error that modulates post-interval components 

(Kononowicz & Van Rijn, 2014).  

Although only little information is available regarding the offset components, 

the Laplacian-based analysis of the N1P2 amplitudes in Chapter 5, and the results 

described by Mento et al. suggest that the SMA is involved in the comparison 

process.  Interestingly, a similar V-shaped pattern of neuronal responses, recorded 

from dopaminergic neurons, has been observed in a single-cell study in monkeys 

reported by Fiorillo, Newsome, and Schultz (2008). Fiorillo et al. trained monkeys 

in a conditioning paradigm with a fixed interval between a conditioned stimulus and 

reward (juice) delivery (Fig. 2A). After some training, and obeying the principles of 

Pavlovian conditioning, juice was delivered after a variable interval. The authors 

measured how dopamine neurons in the substantia niagra (SN) and ventral 

segmental area (VTA) respond to the juice delivery. The response of dopamine 

neurons followed V-shaped pattern with the lowest spiking rate when a juice drop 

was delivered at the time of standard interval (Fig. 2C), apparently coding for the 

prediction error. This V-shaped pattern of dopamine neurons strikingly resembles 

the N1P2 amplitude modulation reported in Chapter 4. Besides dopaminergic 

activity in the SN and VTA, the V-shaped pattern has also been found by Mayo and 

Sommer (2012, see their Figure 2A) who measured spiking responses from monkeys 

frontal eye fields in the temporal visual discrimination task with durations ranging 

from 300 to 400ms. Although these authors focussed on the comparison between 

strength and latency coding in the encoding of temporal duration, it can be clearly 

seen that a V-shaped pattern is present in some neurons. These studies show that a 

temporal-prediction error driven V-shaped pattern is present in various brain 

regions, but as of yet it is not clear whether these patterns in different locations are 

related to each other.  

Future studies should also investigate whether there is any functional link 

between these new markers of interval timing and CNV. For example, studies 

should examine how the neural signatures of the comparison process on trial n may 

affect other components (e.g., beta power and CNV) on trial n+1 (also see 

Durstewitz, 2003). 

To summarize, pre- and post-interval activity has rarely been studied as the 

majority ofstudies in humans and animals focus on the ramping activity during the 
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interval. Nevertheless, investigation of

provideadditional insight in the mechanisms

additional support for interval timing theories.

Figure 2. Results of experiment 3 replotted based
Experimental design of experiment 
course of a trial in which juice is present.
that is depicted in panel C as bar graph.
function of a stimulus-reward interval.
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of pre- and post-interval components 

mechanisms underlying interval timing, and thus to 

theories. 

based on Fiorillo, Newsome, & Schultz (2008). A: 
 3. B: Approximation of neuronal firing over the 

present. Orange error bars depict phasic response 
graph. C: Responses of dopamine neurons as a 

interval. 
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Conclusion 
 

To conclude, the neuroimaging studies presented in this thesis suggest that climbing 

neural activity does not serve as the temporal accumulator.Hence, the CNA 

originating fromSMA is unlikely to be the accumulator of temporal information and 

could be involved in some less specific processes. This thesis proposes that the CNA 

indexes the brain's excitation in order to prepare for an upcoming event. As CNA is 

not the source of subjective timing, this thesis proposes that temporal information 

has to be provided by another brain process possibly, with the cortico-striatal 

mechanisms proposed by the SBF model as a potential candidate.The SBF model 

(Matell & Meck, 2004) proposes that timing is derived from coincidence detection 

between medial spiny neurons and oscillating cortical assemblies that are reset at 

the onset of the interval to create repetable patter of activity over multiple time 

intervals. Another possibility is that timing arises from time-dependent changes in 

the network state such that timing is defined as a unique trajectory in the 

multidimensional neural activity space.Future studies should further elucidate 

which of these mechanisms are the most applicable for interval timing or how they 

could work in concert to produce our subjective experience the passage of time. 

 

 

 

 

 

 

 

 



Chapter 7 

 

 

 



 

128 

 

References 
 

Acunzo, D. J., MacKenzie, G., & Rossum, M. C. V. (2012). Systematic biases in early 
ERP and ERF components as a result of high-pass filtering. Journal of 
Neuroscience Methods, 209(1), 212 - 218.  

Akkal, D., Bioulac, B., & Burbaud, P. (2004). Time predictability modulates pre-
supplementary motor area neuronal activity. Neuroreport, 15(8), 1283-1286.  

Allman, M. J., & Meck, W. H. (2012).Pathophysiological distortions in time 
perception and timed performance.Brain, 135(3), 656-677.  

Allman, M. J., Teki, S., Griffiths, T. D., & Meck, W. H. (2014). Properties of the 
internal clock: First-and second-order principles of subjective time. Annual 
Review of Psychology, 65, 743-771.  

Arnal, L. H., & Giraud, A. L. (2012).Cortical oscillations and sensory 
predictions.Trends in Cognitive Sciences, 16(7), 390-8. 

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects modeling with 
crossed random effects for subjects and items. Journal of Memory and 
Language, 59(4), 390-412. 

Bagiella, E., Sloan, R. P., & Heitjan, D. F. (2000). Mixed-effects models in 
psychophysiology. Psychophysiology, 37(1), 13-20.  

Balcı, F., & Simen, P. (2014). Decision processes in temporal discrimination.Acta 

psychologica, 149, 157-168. 

Bartolo, R., Prado, L., & Merchant, H. (2014).Information processing in the primate 
basal ganglia during sensory-guided and internally driven rhythmic 
tapping.The Journal of Neuroscience, 34(11), 3910-3923.  

Bell, A. J., & Sejnowski, T. J. (1995).An information-maximization approach to blind 
separation and blind deconvolution.Neural Computation, 7(6), 1129-1159.  

Bendixen, A., Grimm, S., & Schröger, E. (2005). Human auditory event-related 
potentials predict duration judgments. Neuroscience Letters, 383(3), 284-288. 

Bendixen, A., Schröger, E., & Winkler, I. (2009). I heard that coming: Event-Related 
potential evidence for stimulus-driven prediction in the auditory system. The 
Journal of Neuroscience, 29(26), 8447-8451. 

Birbaumer, N. (1999). Slow cortical potentials: Plasticity, operant control, and 
behavioral effects. The Neuroscientist, 5(2), 74-78.  

Birbaumer, N., Elbert, T., Canavan, A. G., & Rockstroh, B. (1990). Slow potentials of 
the cerebral cortex and behavior. Physiological Reviews, 70(1), 1-41.  

Boehm, U., van Maanen, L., Forstmann, B., & van Rijn, H. (2014). Trial-by-trial 
fluctuations in CNV amplitude reflect anticipatory adjustment of response 
caution. NeuroImage, 96, 95-105. 

Boshoff, L., Kononowicz, T.W., Van Rijn H. (2014). Temporal preparation for 
response selection based on task parameterrather than cueing.Unpublished 
manuscript. 

Brannon, E. M., Libertus, M. E., Meck, W. H., & Woldorff, M. G. (2008). 
Electrophysiological measures of time processing in infant and adult brains: 
Weber's law holds. Journal of Cognitive Neuroscience, 20(2), 193-203.  

Brunia, C. H. M. (1988). Movement and stimulus preceding negativity.Biological 
Psychology, 26(1), 165-178.  

Buhusi, C. V., & Meck, W. H. (2005). What makes us tick? Functional and neural 
mechanisms of interval timing.Nature Reviews Neuroscience, 6(10), 755-765. 

Buonomano, D. V., & Laje, R. (2010). Population clocks: Motor timing with neural 
dynamics. Trends in Cognitive Sciences, 14(12), 520-527.  



 

129 

 

Burle, B., & Casini, L. (2001). Dissociation between activation and attention effects 
in time estimation: Implications for internal clock models. Journal of 
Experimental Psychology: Human Perception and Performance, 27(1), 195.  

Busch, N. A., & VanRullen, R. (2010). Spontaneous EEG oscillations reveal periodic 
sampling of visual attention. Proceedings of the National Academy of Sciences, 
107(37), 16048-16053.  

Casini, L., & Vidal, F. (2011). The SMAs: Neural substrate of the temporal 
accumulator? Frontiers in Integrative Neuroscience, 5. 

Casini, L., Macar, F., & Giard, M. -H. (1999).Relation between level of prefrontal 
activity and subject's performance.Journal of Psychophysiology, 13(2), 117-
125. 

Cavanagh, J. F., Wiecki, T. V., Cohen, M. X., Figueroa, C. M., Samanta, J., Sherman, 
S. J., & Frank, M. J. (2011). Subthalamic nucleus stimulation reverses 
mediofrontal influence over decision threshold. Nature Neuroscience, 14(11), 
1462-1467.  

Church, R. M., & Broadbent, H. A. (1990).Alternative representations of time, 
number, and rate.Cognition, 37(1), 55-81.  

Church, R. M., Meck, W. H., & Gibbon, J. (1994). Application of scalar timing theory 
to individual trials.Journal of Experimental Psychology: Animal Behavior 
Processes, 20(2), 135.  

Cisek, P., Puskas, G.A., & El-Murr, S. (2009). Decisions in changing conditions: The 
urgency-gating model. The Journal of Neuroscience, 29(37), 11560-11571. 

Cohen, M. X., & Cavanagh, J. F. (2011). Single-trial regression elucidates the role of 
prefrontal theta oscillations in response conflict. Frontiers in Psychology, 2. 

Cook, E.P., Pack, C.C. (2012). Parietal cortex signals come unstuckin time. Plos 
Biology, 10(10), e1001414. 

Correa, & Nobre, A. C. (2008).Neural modulation by regularity and passage of 
time.Journal of Neurophysiology, 100(3), 1649-1655.  

Coull, J. T., & Nobre, A. C. (2008).Dissociating explicit timing from temporal 
expectation with fmri.Current Opinion in Neurobiology, 18(2), 137-144.  

Coull, J. T., Cheng, R. -K., & Meck, W. H. (2010).Neuroanatomical and 
neurochemical substrates of timing.Neuropsychopharmacology : Official 
Publication of the American College of Neuropsychopharmacology, 36(1), 3-
25.  

Coull, J. T., Hwang, H. J., Leyton, M., & Dagher, A. (2012). Dopamine precursor 
depletion impairs timing in healthy volunteers by attenuating activity in 
putamen and supplementary motor area. The Journal of Neuroscience, 32(47), 
16704-16715.  

Coull, J. T., Vidal, F., Nazarian, B., & Macar, F. (2004).Functional anatomy of the 
attentional modulation of time estimation.Science, 303(5663), 1506-1508. 

Cravo, A. M., Rohenkohl, G., Wyart, V., & Nobre, A. C. (2011).Endogenous 
modulation of low frequency oscillations by temporal expectations.Journal of 
Neurophysiology, 106(6), 2964-2972. 

Creelman, C. D. (1962). Human discrimination of auditory duration.The Journal of 
the Acoustical Society of America, 34(5), 582-593. 

Cui, X., Stetson, C., Montague, P. R., & Eagleman, D. M. (2009). Ready… go: 
Amplitude of the fmri signal encodes expectation of cue arrival time. PLoS 
Biology, 7(8), e1000167.  

Daoudal, G., & Debanne, D. (2003). Long-term plasticity of intrinsic excitability: 
learning rules and mechanisms. Learning & Memory, 10(6), 456-465 

Deco, G., & Romo, R. (2008).The role of fluctuations in perception.Trends in 
Neurosciences, 31(11), 591-598.  

Deco, G., Ledberg, A., Almeida, R., & Fuster, J. (2005).Neural dynamics of cross-
modal and cross-temporal associations. Experimental brain research,166(3-



 

130 

 

4), 325-336. 
Donchin, E., Otto, D., Gerbrandt, L. K., & Pribram, K. H. (1971). While a monkey 

waits: Electrocortical events recorded during the foreperiod of a reaction time 
study. Electroencephalography and Clinical Neurophysiology, 31(2), 115-127.  

Donner, T. H., Siegel, M., Fries, P., & Engel, A. K. (2009).Buildup of choice-
predictive activity in human motor cortex during perceptual decision 
making.Current Biology, 19(18), 1581-1585.  

Droit-Volet, S., & Meck, W. H. (2007). How emotions colour our perception of time. 
Trends in Cognitive Sciences, 11(12), 504-513.  

Durstewitz, D. (2003). Self-organizing neural integrator predicts interval times 
through climbing activity. The Journal of Neuroscience, 23(12), 5342-5353.  

Durstewitz, D. (2004). Neural representation of interval time.Neuroreport, 15(5), 
745-749.  

Durstewitz, D., & Deco, G. (2008).Computational significance of transient dynamics 
in cortical networks. European Journal of Neuroscience, 27(1), 217-227. 

Elbert, T. (1993a). Slow cortical potentials reflect the regulation of cortical 
excitability. Springer. 

Elbert, T. (1993b). Slow cortical potentials reflect the regulation of cortical 
excitability. Slow Potential Changes in the Human Brain, 254, 235 

Elbert, T., Ulrich, R., Rockstroh, B., & Lutzenberger, W. (1991).The processing of 
temporal intervals reflected by cnv-like brain potentials.Psychophysiology, 
28(6), 648-655.  

Engel, A. K., Fries, P., & Singer, W. (2001). Dynamic predictions: Oscillations and 
synchrony in top--down processing. Nature Reviews Neuroscience, 2(10), 704-
716.  

Forstmann, B. U., Dutilh, G., Brown, S., Neumann, J., Von Cramon, D. Y., 
Ridderinkhof, K. R., & Wagenmakers, E. -J. (2008). Striatum and pre-sma 
facilitate decision-making under time pressure. Proceedings of the National 
Academy of Sciences, 105(45), 17538-17542.  

Frank, M. J. (2011). Computational models of motivated action selection in 
corticostriatal circuits. Current Opinion in Neurobiology, 21(3), 381-386.  

Friston, K. (2005). A theory of cortical responses.Philosophical Transactions of the 
Royal Society of London.Series B, Biological Sciences, 360(1456), 815-36. 

Friston, K. (2009). The free-energy principle: A rough guide to the brain? Trends in 
Cognitive Sciences, 13(7), 293-301.  

Friston, K. (2010). The free-energy principle: A unified brain theory? Nature 
Reviews. Neuroscience, 11(2), 127-38. 

Fujioka, T., Trainor, L. J., Large, E. W., & Ross, B. (2012). Internalized timing of 
isochronous sounds is represented in neuromagnetic beta oscillations. The 
Journal of Neuroscience, 32(5), 1791-1802.  

Gallistel, C. R., & Gibbon, J. (2000). Time, rate, and conditioning. Psychological 
Review, 107(2), 289. 

Gallistel, C. R., & Gibbon, J. (2001).Computational versus associative models of 
simple conditioning.Current Directions in Psychological Science, 10(4), 146-
150.  

Garrido, M. I., Friston, K. J., Kiebel, S. J., Stephan, K. E., Baldeweg, T., & Kilner, J. 
M. (2008). The functional anatomy of the MMN: a DCM study of the roving 
paradigm. Neuroimage, 42(2), 936-944. 

Gelman, A., & Hill, J. (2007).Data analysis using regression and 
multilevel/hierarchical models.Cambridge University Press. 

Gibbon, J. (1977). Scalar expectancy theory and weber's law in animal 
timing.Psychological Review, 84(3), 279. 

Gibbon, J. (1991). Origins of scalar timing.Learning and Motivation, 22(1), 3-38.  
Gibbon, J., & Allan, L. (1984).Timing and time perception. 



 

131 

 

Gibbon, J., & Church, R. M. (n.d.).SOURCES OF VARIANCE IN AN 
INFORMATION PROCESSING THEORY OF TIMING.In Animal 
cognition.H.L. Roitblat, T.G. Bever, and H.S. Terrace (editors) (Vol. 1, pp. 
465-488).Hilsdale. NJ: Lawrence Erlbaum.  

Gibbon, J., Church, R. M., & Meck, W. H. (1984).Scalar timing in memory.Annals of 
the New York Academy of Sciences, 423(1), 52-77.  

Gibbons, H., & Rammsayer, T. H. (2004).Current-source density analysis of slow 
brain potentials during time estimation.Psychophysiology, 41(6), 861-874.  

Goel, A., & Buonomano, D. V. (2014). Timing as an intrinsic property of neural 
networks: evidence from in vivo and in vitro experiments. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 369(1637), 
20120460. 

Gould, I. C., Nobre, A. C., Wyart, V., & Rushworth, M. F. (2012).Effects of decision 
variables and intraparietal stimulation on sensorimotor oscillatory activity in 
the human brain.The Journal of Neuroscience, 32(40), 13805-13818.  

Gratton, G., Coles, M. G., & Donchin, E. (1983).A new method for off-line removal of 
ocular artifact.Electroencephalography and Clinical Neurophysiology, 55(4), 
468-484.  

Griffin, I. C., Miniussi, C., & Nobre, A. C. (2002). Multiple mechanisms of selective 
attention: Differential modulation of stimulus processing by attention to space 
or time. Neuropsychologia, 40(13), 2325 - 2340.  

Haegens, S., Nácher, V., Hernández, A., Luna, R., Jensen, O., & Romo, R. (2011). 
Beta oscillations in the monkey sensorimotor network reflect somatosensory 
decision making. Proceedings of the National Academy of Sciences, 108(26), 
10708-10713.  

Herbst, S. K., Chaumon, M., Penney, T. B., & Busch, N. A. (2014). Flicker-Induced 
Time Dilation Does Not Modulate EEG Correlates of Temporal 
Encoding. Brain topography, 1-11. 

Hicks, R. E., Miller, G. W., & Kinsbourne, M. (1976). Prospective and retrospective 
judgments of time as a function of amount of information processed. The 
American Journal of Psychology, 719-730.  

Hjorth, B. (1975). An on-line transformation of EEG scalp potentials into orthogonal 
source derivations. Electroencephalography and Clinical Neurophysiology, 
39(5), 526-530.  

Huiskamp, G. (1991). Difference formulas for the surface laplacian on a triangulated 
surface.Journal of Computational Physics, 95(2), 477-496.  

Ivry, R. B., & Spencer, R. (2004).The neural representation of time.Current Opinion 
in Neurobiology, 14(2), 225-232.  

Jahanshahi, M., Jones, C. R., Zijlmans, J., Katzenschlager, R., Lee, L., Quinn, N., 
Lees, A. J. (2010). Dopaminergic modulation of striato-frontal connectivity 
during motor timing in parkinson’s disease. Brain, 133(3), 727-745.  

Janssen, P., & Shadlen, M. N. (2005).A representation of the hazard rate of elapsed 
time in macaque area LIP. Nature neuroscience, 8(2), 234-241 

Jazayeri, M., & Shadlen, M. N. (2010). Temporal context calibrates interval timing. 
Nature Neuroscience, 13(8), 1020-1026.  

Jenkinson, N., & Brown, P. (2011).New insights into the relationship between 
dopamine, beta oscillations and motor function.Trends in Neurosciences, 
34(12), 611-618.  

Jensen, O., Goel, P., Kopell, N., Pohja, M., Hari, R., & Ermentrout, B. (2005). On the 
human sensorimotor-cortex beta rhythm: Sources and modeling. NeuroImage, 
26(2), 347-355.  

Jin, D. Z., Fujii, N., & Graybiel, A. M. (2009). Neural representation of time in 
cortico-basal ganglia circuits.Proceedings of the National Academy of 
Sciences, 106(45), 19156-19161. doi:10.1073/pnas.0909881106 



 

132 

 

Joundi, R. A., Brittain, J. -S., Green, A. L., Aziz, T. Z., Brown, P., & Jenkinson, N. 
(2013). Persistent suppression of subthalamic beta-band activity during 
rhythmic finger tapping in Parkinson’s disease.Clinical Neurophysiology, 
124(3), 565-573.  

Joundi, R. A., Jenkinson, N., Brittain, J. -S., Aziz, T. Z., & Brown, P. (2012). Driving 
oscillatory activity in the human cortex enhances motor performance. Current 
Biology, 22(5), 403-407.  

Jurkiewicz, M. T., Gaetz, W. C., Bostan, A. C., & Cheyne, D. (2006). Post-movement 
beta rebound is generated in motor cortex: Evidence from neuromagnetic 
recordings. NeuroImage, 32(3), 1281-1289.  

Karmarkar, U. R., & Buonomano, D. V. (2007). Timing in the absence of clocks: 
Encoding time in neural network states. Neuron, 53(3), 427-438.  

Kiesel, A., Miller, J., Jolicoeur, P., & Brisson, B. (2008). Measurement of ERP 
latency differences: A comparison of single-participant and jackknife-based 
scoring methods. Psychophysiology, 45(2), 250-74. 

Kilavik, B. E., Zaepffel, M., Brovelli, A., MacKay, W. A., & Riehle, A. (2013).The ups 
and downs of beta oscillations in sensorimotor cortex.Experimental 
Neurology, 245, 15-26.  

Killeen, P. R., & Fetterman, J. G. (1988).A behavioral theory of timing.Psychological 
Review, 95(2), 274. 

Kim, J., Ghim, J. -W., Lee, J. H., & Jung, M. W. (2013). Neural correlates of interval 
timing in rodent prefrontal cortex. The Journal of Neuroscience, 33(34), 
13834-13847.  

Kirkpatrick, K., & Church, R. M. (1998). Are separate theories of conditioning and 
timing necessary? Behavioural Processes, 44(2), 163-182.  

Kirkpatrick, K., & Church, R. M. (2000). Independent effects of stimulus and cycle 
duration in conditioning: The role of timing processes. Animal Learning & 
Behavior, 28(4), 373-388.  

Kirkpatrick, K., & Church, R. M. (2003).Tracking of the expected time to 
reinforcement in temporal conditioning procedures.Learning & Behavior, 
31(1), 3-21.  

Koelewijn, T., van Schie, H. T., Bekkering, H., Oostenveld, R., & Jensen, O. (2008). 
Motor-cortical beta oscillations are modulated by correctness of observed 
action. NeuroImage, 40(2), 767-775.  

Komosinski, M. (2012).Measuring quantities using oscillators and pulse 
generators.Theory in Biosciences, 131(2), 103-116.  

Komosinski, M., & Kups, A. (2011).Implementation and simulation of the scalar 
timing model.Bio-Algorithm Med-Syst, 7(4), 41-52.  

Kononowicz, T. W., & Van Rijn, H. (2011). Slow potentials in time estimation: The 
role of temporal accumulation and habituation. Frontiers in Integrative 
Neuroscience, 5, 48. 

Kononowicz, T. W., & van Rijn, H. (2014). Decoupling interval timing and climbing 
neural activity: A dissociation between CNV and N1P2 amplitudes. The Journal 
of Neuroscience, 34(8), 2931-2939. 

Kononowicz, T. W., & van Rijn, H. (2014b).Tonic and phasic dopamine fluctuations 
as reflected in beta-power predict interval timing behavior. Procedia-Social 
and Behavioral Sciences, 126, 47. 

Ladanyi, M., & Dubrovsky, B. (1985).CNV and time estimation.International 
Journal of Neuroscience, 26(3-4), 253-257.  

de Lange, F. P., Rahnev, D. A., Donner, T. H., & Lau, H. (2013). Prestimulus 
oscillatory activity over motor cortex reflects perceptual expectations. The 
Journal of Neuroscience, 33(4), 1400-1410.  

Lange, K. (2009). Brain correlates of early auditory processing are attenuated by 
expectations for time and pitch. Brain and Cognition, 69(1), 127-37. 



 

133 

 

Lebedev, M. A., O'doherty, J. E., & Nicolelis, M. A. (2008).Decoding of temporal 
intervals from cortical ensemble activity.Journal of Neurophysiology, 99(1), 
166-186.  

Lejeune, H. (1998). Switching or gating? The attentional challenge in cognitive 
models of psychological time.Behavioural Processes, 44(2), 127-145.  

Leon, M. I., & Shadlen, M. N. (2003).Representation of time by neurons in the 
posterior parietal cortex of the macaque.Neuron, 38(2), 317-327.  

Leuthold, H., Sommer, W., & Ulrich, R. (2004).Preparing for action: Inferences 
from CNV and LRP.Journal of Psychophysiology, 18(2), 77-88.  

Lewis, P. A., & Miall, R. C. (2003). Distinct systems for automatic and cognitively 
controlled time measurement: Evidence from neuroimaging. Current Opinion 
in Neurobiology, 13(2), 250-255.  

Lewis, P. A., & Miall, R. C. (2006).Remembering the time: A continuous 
clock.Trends in Cognitive Sciences, 10(9), 401-406.  

Livesey, A. C., Wall, M. B., & Smith, A. T. (2007). Time perception: Manipulation of 
task difficulty dissociates clock functions from other cognitive demands. 
Neuropsychologia, 45(2), 321-331.  

Loveless, N. E. (1986). Potentials evoked by temporal deviance. Biological 
Psychology, 22(2), 149-167.  

Macar, F., & Vidal, F. (2002). Time processing reflected by EEG surface laplacians. 
Experimental Brain Research, 145(3), 403-406.  

Macar, F., & Vidal, F. (2003). The CNV peak: An index of decision making and 
temporal memory. Psychophysiology, 40(6), 950-4 

Macar, F., & Vidal, F. (2004). Event-related potentials as indices of time processing: 
A review. Journal of Psychophysiology, 18(2), 89-104.  

Macar, F., & Vidal, F. (2009). Timing processes: An outline of behavioural and 
neural indices not systematically considered in timing models. Canadian 
Journal of Experimental Psychology/Revue Canadienne De Psychologie 
Expérimentale, 63(3), 227. 

Macar, F., Anton, J. -L., Bonnet, M., & Vidal, F. (2004). Timing functions of the 
supplementary motor area: An event-related fmri study. Cognitive Brain 
Research, 21(2), 206-215.  

Macar, F., Lejeune, H., Bonnet, M., Ferrara, A., Pouthas, V., Vidal, F., & Maquet, P. 
(2002). Activation of the supplementary motor area and of attentional 
networks during temporal processing.Experimental Brain Research, 142(4), 
475-485.  

Macar, F., Vidal, F., & Casini, L. (1999). The supplementary motor area in motor 
and sensory timing: Evidence from slow brain potential changes. Experimental 
Brain Research, 125(3), 271-280.  

Macar, F., Vitton, N., & Requin, J. (1976). Slow cortical potential shifts recorded in 
cats performing a time estimation task: Preliminary results. Neuropsychologia, 
14(3), 353-361.  

MacDonald, C. J., & Meck, W. H. (2004).Systems-level integration of interval 
timing and reaction time.Neuroscience & Biobehavioral Reviews, 28(7), 747-
769.  

MacDonald, C. J., & Meck, W. H. (2006). Interaction of raclopride and preparatory 
interval effects on simple reaction time performance. Behavioural Brain 
Research, 175(1), 62-74.  

Machado, A. (1997). Learning the temporal dynamics of behavior.Psychological 
Review, 104(2), 241. 

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing of eeg-and 
meg-data. Journal of Neuroscience Methods, 164(1), 177-190.  

Matell, M. S., & Meck, W. H. (2000).Neuropsychological mechanisms of interval 
timing behavior.BioEssays : News and Reviews in Molecular, Cellular and 



 

134 

 

Developmental Biology, 22(1), 94-103.  
Matell, M. S., & Meck, W. H. (2004a). Cortico-striatal circuits and interval timing: 

Coincidence detection of oscillatory processes. Brain Research.Cognitive 
Brain Research, 21(2), 139-70. 

Matell, M. S., & Meck, W. H. (2004b). Cortico-striatal circuits and interval timing: 
Coincidence detection of oscillatory processes. Cognitive Brain Research, 
21(2), 139-170.  

Matell, M. S., Shea-Brown, E., Gooch, C., Wilson, A. G., & Rinzel, J. (2011). A 
heterogeneous population code for elapsed time in rat medial agranular cortex. 
Behavioral Neuroscience, 125(1), 54. 

Mauk, M. D., & Buonomano, D. V. (2004). The neural basis of temporal 
processing.Annual Review of Neuroscience, 27, 307-340.  

Mauritz, K. -H., & Wise, S. P. (1986). Premotor cortex of the rhesus monkey: 
Neuronal activity in anticipation of predictable environmental events. 
Experimental Brain Research, 61(2), 229-244.  

Mayo, J. P., & Sommer, M. A. (2013). Neuronal correlates of visual time perception 
at brief timescales. Proceedings of the National Academy of Sciences, 110(4), 
1506-1511. 

McAdam, D. W., Knott, J. R., & Rebert, C. S. (1969). Cortical slow potential changes 
in man related to interstimulus interval and to pre trial prediction of 
interstimulus interval. Psychophysiology, 5(4), 349-358.  

McDonald, J. J., Teder-Sälejärvi, W. A., Di Russo, F., & Hillyard, S. A. 
(2005).Neural basis of auditory-induced shifts in visual time-order 
perception.Nature Neuroscience, 8(9), 1197-1202.  

McIntosh, A. R., & Lobaugh, N. J. (2004). Partial least squares analysis of 
neuroimaging data: Applications and advances. NeuroImage, 23, S250-S263. 

Meck, W. H. (1984). Attentional bias between modalities: Effect on the internal 
clock, memory, and decision stages used in animal time discrimination. Annals 
of the New York Academy of Sciences, 528-541.  

Meck, W. H. (1986). Affinity for the dopamine D2 receptor predicts neuroleptic 
potency in decreasing the speed of an internal clock. Pharmacology 
Biochemistry and Behavior, 25(6), 1185-1189.  

Meck, W. H. (1996). Neuropharmacology of timing and time perception.Cognitive 
Brain Research, 3(3), 227-242.  

Meck, W. H. (2006). Neuroanatomical localization of an internal clock: A functional 
link between mesolimbic, nigrostriatal, and mesocortical dopaminergic 
systems. Brain Research, 1109(1), 93-107.  

Meck, W. H., & Benson, A. M. (2002).Dissecting the brain's internal clock: How 
frontal--striatal circuitry keeps time and shifts attention.Brain and Cognition, 
48(1), 195-211.  

Meck, W. H., & Church, R. M. (1983).A mode control model of counting and timing 
processes.Journal of Experimental Psychology: Animal Behavior Processes, 
9(3), 320.  

Meck, W. H., Penney, T. B., & Pouthas, V. (2008).Cortico-striatal representation of 
time in animals and humans.Current Opinion in Neurobiology, 18(2), 145-52. 

Meijering, B., & Van Rijn, H. (2009).Experimental and computational analyses of 
strategy usage in the time-left task.In Proceedings of the 31th annual meeting 
of the cognitive science society (pp. 1615-1620). 

Mento, G., Tarantino, G. A., Sarlo, V. A., , Bisiacchi, M. A., Silvia, P. (2013). 
Automatic temporal expectancy: A high-density event-related potential study. 
PloS One, 8(5), e62896.  

Mento, G., Tarantino, G. A., Vallesi A., Silvia, P. (2014). Spatiotemporal 
neurodynamics underlying internally and externally driven temporal 
prediction: A high spatial resolution ERP study. Advance online publication.  



 

135 

 

Merchant, H., Harrington, D. L., & Meck, W. H. (2013).Neural basis of the 
perception and estimation of time.Annual Review of Neuroscience, 36, 313-
336.  

Merchant, H., Pérez, O., Zarco, W., & Gámez, J. (2013).Interval tuning in the 
primate medial premotor cortex as a general timing mechanism.The Journal of 
Neuroscience, 33(21), 9082-9096.  

Merchant, H., Zarco, W., Pérez, O., Prado, L., & Bartolo, R. (2011).Measuring time 
with different neural chronometers during a synchronization-continuation 
task. Proceedings of the National Academy of Sciences, 108(49), 19784-19789. 

Meyniel, F., & Pessiglione, M. (2014). Better get back to work: A role for motor beta 
desynchronization in incentive motivation. The Journal of Neuroscience, 34(1), 
1-9.  

Miall, C. (1989). The storage of time intervals using oscillating neurons.Neural 
Computation, 1(3), 359-371.  

Miller, J., Ulrich, R., & Schwarz, W. (2009). Why jackknifing yields good latency 
estimates. Psychophysiology, 46(2), 300-12. 

Miniussi, C., Wilding, E. L., Coull, J. T., & Nobre, A. C. (1999).Orienting attention in 
time.Brain, 122(8), 1507. 

Mita, A., Mushiake, H., Shima, K., Matsuzaka, Y., & Tanji, J. (2009).Interval time 
coding by neurons in the presupplementary and supplementary motor 
areas.Nature Neuroscience, 12(4), 502-507.  

Näätänen, R., & Winkler, I. (1999).The concept of auditory stimulus representation 
in cognitive neuroscience.Psychological Bulletin, 125(6), 826. 

Ng, K. (2014).Timing and judgment in the duration bisection task: 
Electrophysiological Analyses(doctoral thesis). National University of 
Singapore, Singapore, The Republic of Singapore. 

Ng, K. K., Tobin, S., & Penney, T. B. (2011). Temporal accumulation and decision 
processes in the duration bisection task revealed by contingent negative 
variation. Frontiers in Integrative Neuroscience, 5. 

Niemi, P., & Näätänen, R. (1981).Foreperiod and simple reaction time.Psychological 
Bulletin, 89(1), 133. 

Niki, H., & Watanabe, M. (1976). Prefrontal unit activity and delayed response: 
Relation to cue location versus direction of response. Brain Research, 105(1), 
79-88.  

Niki, H., & Watanabe, M. (1979).Prefrontal and cingulate unit activity during timing 
behavior in the monkey.Brain Research, 171(2), 213-224.  

Nobre, A. C., Correa, A., & Coull, J. T. (2007).The hazards of time.Current Opinion 
in Neurobiology, 17(4), 465-470.  

Noguchi, Y., & Kakigi, R. (2006). Time representations can be made from 

nontemporal information in the brain: an MEG study. Cerebral Cortex, 16(12), 

1797-1808. 

Nunez, P. L., & Westdorp, A. F. (1994).The surface laplacian, high resolution EEG 
and controversies.Brain Topography, 6(3), 221-226.  

O'Connell, R. G., Dockree, P. M., Robertson, I. H., Bellgrove, M. A., Foxe, J. J., & 
Kelly, S. P. (2009). Uncovering the neural signature of lapsing attention: 
Electrophysiological signals predict errors up to 20 s before they occur. The 
Journal of Neuroscience, 29(26), 8604-8611.  

Oostendorp, T. F., & van Oosterom, A. (1996). The surface laplacian of the potential: 
Theory and application. Biomedical Engineering, IEEE Transactions on, 
43(4), 394-405.  

Oostenveld, R., Fries, P., Maris, E., & Schoffelen, J. -M. (2011). FieldTrip: Open 
source software for advanced analysis of MEG, EEG, and invasive 
electrophysiological data. Computational Intelligence and Neuroscience, 2011, 



 

136 

 

1. 
Oprisan, S. A., & Buhusi, C. V. (2011).Modeling pharmacological clock and memory 

patterns of interval timing in a striatal beat-frequency model with realistic, 
noisy neurons.Frontiers in Integrative Neuroscience, 5. 

Oswal, A., Litvak, V., Brücke, C., Huebl, J., Schneider, G. -H., Kühn, A. A., & Brown, 
P. (2013). Cognitive factors modulate activity within the human subthalamic 
nucleus during voluntary movement in parkinson's disease. The Journal of 
Neuroscience, 33(40), 15815-15826.  

Pavlov, I. P., & Gantt, W. (1928). Lectures on conditioned reflexes: Twenty-five 
years of objective study of the higher nervous activity (behaviour) of animals. 
New York: International Publishers. 

Perrin, F., Pernier, J., Bertrand, O., & Echallier, J. F. (1989).Spherical splines for 
scalp potential and current density mapping.Electroencephalography and 
Clinical Neurophysiology, 72(2), 184-187.  

Pfeuty, M., Ragot, R., & Pouthas, V. (2003). When time is up: CNV time course 
differentiates the roles of the hemispheres in the discrimination of short tone 
durations. Experimental Brain Research, 151(3), 372-379.  

Pfeuty, M., Ragot, R., & Pouthas, V. (2005).Relationship between CNV and timing 
of an upcoming event.Neuroscience Letters, 382(1), 106-111.  

Pfurtscheller, G., Graimann, B., Huggins, J. E., Levine, S. P., & Schuh, L. A. (2003). 
Spatiotemporal patterns of beta desynchronization and gamma 
synchronization in corticographic data during self-paced movement. Clinical 
Neurophysiology, 114(7), 1226-1236.  

Pinheiro, J. C., & Bates, D. M. (n.d.).Mixed-effects models in S and s-plus. 2000. 
Springer, New York.  

Plichta, M. M., Wolf, I., Hohmann, S., Baumeister, S., Boecker, R., Schwarz, A. J., 
...& Brandeis, D. (2013). Simultaneous EEG and fMRI reveals a causally 
connected subcortical-cortical network during reward anticipation. The 
Journal of Neuroscience, 33(36), 14526-14533. 

Pogosyan, A., Gaynor, L. D., Eusebio, A., & Brown, P. (2009). Boosting cortical 
activity at beta-band frequencies slows movement in humans. Current Biology, 
19(19), 1637-1641.  

Portugal, G. S., Wilson, A. G., & Matell, M. S. (2011). Behavioral sensitivity of 
temporally modulated striatal neurons.Frontiers in Integrative Neuroscience, 
5. 

Pouthas, V. (2003).Electrophysiological evidence for specific processing of temporal 
information in humans. In W. H. Meck (Ed.),Functional and neural 
mechanisms of interval timing (pp. 439–456). Boca Raton, FL: CRC Press 

Pouthas, V., Garnero, L., Ferrandez, A. M., & Renault, B. (2000a). ERPs and PET 
analysis of time perception: Spatial and temporal brain mapping during visual 
discrimination tasks. Human Brain Mapping, 10(2), 49-60. 

Pouthas, V., George, N., Poline, J. -B., Pfeuty, M., VandeMoorteele, P. -F., 
Hugueville, L., Renault, B. (2005). Neural network involved in time 
perception: An fmri study comparing long and short interval estimation. 
Human Brain Mapping, 25(4), 433-441.  

Pöppel, E. (1997). A hierarchical model of temporal perception.Trends in Cognitive 
Sciences, 1(2), 56-61.  

Praamstra, P. (2010). Electrophysiological markers of foreperiod effects.Attention 
and Time, 331-345.  

Praamstra, P., & Pope, P. (2007). Slow brain potential and oscillatory EEG 
manifestations of impaired temporal preparation in parkinson's disease. 
Journal of Neurophysiology, 98(5), 2848-2857. 

Praamstra, P., Kourtis, D., Kwok, H. F., & Oostenveld, R. (2006).Neurophysiology of 
implicit timing in serial choice reaction-time performance.The Journal of 



 

137 

 

Neuroscience, 26(20), 5448-5455.  
Prins, N., & Kingdom, F. A. (2009). Palamedes: Matlab routines for analyzing 

psychophysical data. [Computer Software] Retrieved from 
http://www.palamedestoolbox.org 

Rammsayer, T. H. (1997). Are there dissociable roles of the mesostriatal and 
mesolimbocortical dopamine systems on temporal information processing in 
humans? Neuropsychobiology, 35(1), 36-45.  

Rammsayer, T. H. (1999). Neuropharmacological evidence for different timing 
mechanisms in humans.The Quarterly Journal of Experimental Psychology: 
Section B, 52(3), 273-286.  

Rao, S. M., Mayer, A. R., & Harrington, D. L. (2001).The evolution of brain 
activation during temporal processing.Nature Neuroscience, 4(3), 317-323.  

Rawle, C. J., Miall, R. C., & Praamstra, P. (2012). Frontoparietal theta activity 
supports behavioral decisions in movement-target selection. Frontiers in 
Human Neuroscience, 6. 

Reutimann, J., Yakovlev, V., Fusi, S., & Senn, W. (2004).Climbing neuronal activity 
as an event-based cortical representation of time.The Journal of Neuroscience, 
24(13), 3295-3303.  

Rockstroh, B., Müller, M., Wagner, M., Cohen, R., & Elbert, T. (1993).“Probing” the 
nature of the CNV. Electroencephalography and clinical 
Neurophysiology, 87(4), 235-241 

Roger, C., Hasbroucq, T., Rabat, A., Vidal, F., & Burle, B. (2009). Neurophysics of 
temporal discrimination in the rat: A mismatch negativity study. 
Psychophysiology, 46(5), 1028-1032.  

Roux, S., Coulmance, M., & Riehle, A. (2003). Context-related representation of 
timing processes in monkey motor cortex. The European Journal of 
Neuroscience, 18(4), 1011-1016.  

Royston, P., Altman, D. G., & Sauerbrei, W. (2006). Dichotomizing continuous 
predictors in multiple regression: A bad idea. Statistics in Medicine, 25(1), 127-
141.  

Ruchkin, D. S., McCalley, M. G., & Glaser, E. M. (1977). Event related potentials and 
time estimation. Psychophysiology, 14(5), 451-455.  

Ruchkin, D. S., Sutton, S., Mahaffey, D., & Glaser, J. (1986). Terminal CNV in the 
absence of motor response.Electroencephalography and Clinical 
Neurophysiology, 63(5), 445-463.  

Scheibe, C., Ullsperger, M., Sommer, W., & Heekeren, H. R. (2010). Effects of 
parametrical and trial-to-trial variation in prior probability processing revealed 
by simultaneous electroencephalogram/functional magnetic resonance 
imaging.The Journal of Neuroscience, 30(49), 16709-16717 

Schubotz, R. I., Friederici, A. D., & Yves von Cramon, D. (2000). Time perception 
and motor timing: A common cortical and subcortical basis revealed by fmri. 
NeuroImage, 11(1), 1-12.  

Schultz, W. (2002).Getting formal with dopamine and reward.Neuron, 36(2), 241 - 
263.  

Schultz, W., Dayan, P., & Montague, P. R. (1997).A neural substrate of prediction 
and reward.Science, 275(5306), 1593-1599.  

Schurger, A., Sitt, J. D., & Dehaene, S. (2012). An accumulator model for 
spontaneous neural activity prior to self-initiated movement.Proceedings of 
the National Academy of Sciences, 109(42), 2904-2913.  

Schneider, B.A., Ghose, G.M. (2012). Temporal production signals in parietal cortex. 
Plos Biology, 10(10), e1001413. 

Schwartze, M., Rothermich, K., & Kotz, S. A. (2012). Functional dissociation of pre-
sma and sma-proper in temporal processing.NeuroImage, 60(1), 290-298.  

Seibold, V. C., Fiedler, A., & Rolke, B. (2011). Temporal attention shortens 



 

138 

 

perceptual latency: A temporal prior entry effect. Psychophysiology, 48(5), 
708-717.  

Shi, Z., Church, R. M., & Meck, W. H. (2013).Bayesian optimization of time 
perception.Trends in Cognitive Sciences, 17(11), 556 - 564.  

Simen, P., Evidence accumulator or decision threshold – which cortical mechanism 
are we observing? Frontiers in Psychology, 3: 183. 

Simen, P., Balci, F., deSouza L., Cohen, J.D., Holmes, P., (2011).A model of interval 
timing by long-range temporal integration.The Journal of Neuroscience, 31, 
9238-9253. 

Simen, P., Rivest, F., Ludvig, E. A., Balci, F., & Killeen, P. (2013). Timescale 
invariance in the pacemaker-accumulator family of timing models.Timing & 
Time Perception, 1(2), 159-188.  

Spence, C., & Parise, C. (2010). Prior-entry: A review. Consciousness and Cognition, 
19(1), 364. 

Staddon, J. E. R. (2005). Interval timing: Memory, not a clock. Trends in Cognitive 
Sciences, 9(7), 312-314.  

Staddon, J. E. R., & Higa, J. J. (1999). Time and memory:Towards a pacemaker-free 
theory of interval timing. Journal of the Experimental Analysis of Behavior, 
71(2), 215-251.  

Taatgen, N., & van Rijn, H. (2011). Traces of times past: Representations of 
temporal intervals in memory. Memory & Cognition, 39(8), 1546-1560.  

Taatgen, N. A., Van Rijn, H., & Anderson, J. (2007). An integrated theory of 
prospective time interval estimation: The role of cognition, attention, and 
learning. Psychological Review, 114(3), 577. 

Tanaka, M. (2007). Cognitive signals in the primate motor thalamus predict saccade 
timing. The Journal of Neuroscience, 27(44), 12109-12118.  

Tandonnet, C., Burle, B., Hasbroucq, T., & Vidal, F. (2005). Spatial enhancement of 
EEG traces by surface laplacian estimation: Comparison between local and 
global methods. Clinical Neurophysiology, 116(1), 18-24.  

Tarantino, V., Ehlis, A. C., Baehne, C., Boreatti-Huemmer, A., Jacob, C., Bisiacchi, 
P., & Fallgatter, A. J. (2010a). The time course of temporal discrimination: An 
ERP study. Clinical Neurophysiology, 121(1), 43-52.  

Tecce, J. J. (1972). Contingent negative variation (CNV) and psychological processes 
in man.Psychological Bulletin, 77(2), 73. 

Thomas, E. A., & Weaver, W. B. (1975).Cognitive processing and time 
perception.Perception & Psychophysics, 17(4), 363-367.  

Todorovic, A., & de Lange, F. P. (2012). Repetition suppression and expectation 
suppression are dissociable in time in early auditory evoked fields. The Journal 
of Neuroscience, 32(39), 13389-13395.  

Todorovic, A., van Ede, F., Maris, E., & de Lange, F. P. (2011). Prior expectation 
mediates neural adaptation to repeated sounds in the auditory cortex: An MEG 
study. The Journal of Neuroscience, 31(25), 9118-23. 

Treisman, M. (1963).Temporal discrimination and the indifference interval: 
Implications for a model of the" internal clock".Psychological Monographs: 
General and Applied, 77(13), 1-31.  

Tse, C. -Y., & Penney, T. B. (2006). Preattentive timing of empty intervals is from 
marker offset to onset. Psychophysiology, 43(2), 172-179.  

Tse, C. -Y., & Penney, T. B. (2008).On the functional role of temporal and frontal 
cortex activation in passive detection of auditory deviance.NeuroImage, 41(4), 
1462-1470.  

Tzagarakis, C., Ince, N. F., Leuthold, A. C., & Pellizzer, G. (2010). Beta-band activity 
during motor planning reflects response uncertainty. The Journal of 
Neuroscience, 30(34), 11270-11277.  

Ulrich, R., & Miller, J. (2001).Using the jackknife-based scoring method for 



 

139 

 

measuring LRP onset effects in factorial designs.Psychophysiology, 38(05), 
816-827.  

Ulrich, R., Leuthold, H., & Sommer, W. (1998).Motor programming of response 
force and movement direction.Psychophysiology, 35(6), 721-728.  

Ulrich, R., Nitschke, J., & Rammsayer, T. (2006). Crossmodal temporal 
discrimination: Assessing the predictions of a general pacemaker-counter 
model. Perception & Psychophysics, 68(7), 1140-1152.  

van Boxtel, G. J. M., & Böcker, K. B. E. (2004). Cortical measures of anticipation. 
Journal of Psychophysiology, 18(2-3), 61. 

Van der Lubbe, R. H., Los, S. A., Jaśkowski, P., & Verleger, R. (2004). Being 
prepared on time: On the importance of the previous foreperiod to current 
preparation, as reflected in speed, force and preparation-related brain 
potentials. Acta Psychologica, 116(3), 245-262.  

Vangkilde, S., Coull, J. T., & Bundesen, C. (2012). Great expectations: Temporal 
expectation modulates perceptual processing speed. Journal of Experimental 
Psychology-Human Perception and Performance, 38(5), 1183. 

Van Maanen, L., Brown, S. D., Eichele, T., Wagenmakers, E. -J., Ho, T., Serences, J., 
& Forstmann, B. U. (2011). Neural correlates of trial-to-trial fluctuations in 
response caution. The Journal of Neuroscience, 31(48), 17488-17495.  

Van Rijn, H., Gu, B-M., Meck, W.H., in press. Dedicated clock/timing-circuit 
theories of intervaltiming and timed behaviour. In: H. Merchant, V. Lafuente 
(Eds.), Neurobiology of Interval Timing. Springer-Verlag, New York, NY. 

Van Rijn, H., & Taatgen, N. A. (2008). Timing of multiple overlapping intervals: 
How many clocks do we have? Acta Psychologica, 129(3), 365-375.  

Van Rijn, H., Kononowicz, T. W., Meck, W. H., Ng, K. K., & Penney, T. B. (2011). 
Contingent negative variation and its relation to time estimation: A theoretical 
evaluation. Frontiers in Integrative Neuroscience, 48: 5. 

Van Rijn, Kononowicz, T. W., Vidal, F., Casini, L., Wiener, M., Penney, T., Ng, K.K. 
(2014). The role of the SMA and the Contingent Negative Variation in interval 
timing.Procedia-Social and Behavioral Sciences, 126, 27-28. 

Van Vugt, M. K., Simen, P., Nystrom, L. E., Holmes, P., & Cohen, J. D. (2012). EEG 
oscillations reveal neural correlates of evidence accumulation. Frontiers in 
Neuroscience, 6. 

Van Wassenhove, V. (2009).Minding time in an amodal representational 
space.Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 364(1525), 1815-1830. 

Van Wassenhove, V., Lecoutre L. (2014). Duration estimation entails predicting 
when. Neuroimage. Advance online publication. doi: 
10.1016/j.neuroimage.2014.11.005. 

Van Wassenhove, V., Grant, K. W., & Poeppel, D. (2005). Visual speech speeds up 
the neural processing of auditory speech. Proceedings of the National 
Academy of Sciences of the United States of America, 102(4), 1181-1186.  

Van Wassenhove, V., & Nagarajan, S. S. (2007).Auditory cortical plasticity in 
learning to discriminate modulation rate.The Journal of Neuroscience, 27(10), 
2663-2672.  

Vibell, J., Klinge, C., Zampini, M., Spence, C., & Nobre, A. C. (2007). Temporal 
order is coded temporally in the brain: Early event-related potential latency 
shifts underlying prior entry in a cross-modal temporal order judgment task. 
Journal of Cognitive Neuroscience, 19(1), 109-120.  

Vidal, F., Burle, B., Grapperon, J., & Hasbroucq, T. (2011). An ERP study of 
cognitive architecture and the insertion of mental processes: Donders revisited. 
Psychophysiology, 48(9), 1242-1251.  

Vidal, F., Grapperon, J., Bonnet, M., & Hasbroucq, T. (2003). The nature of 
unilateral motor commands in between-hand choice tasks as revealed by 



 

140 

 

surface laplacian estimation.Psychophysiology, 40(5), 796-805.  
Vierordt, C. (1868). Der zeitsinn nach versuchen.Tubingen: Laupp.  
Wacongne, C., Labyt, E., van Wassenhove, V., Bekinschtein, T., Naccache, L., & 

Dehaene, S. (2011). Evidence for a hierarchy of predictions and prediction 
errors in human cortex.Proceedings of the National Academy of Sciences, 
108(51), 20754-20759.  

Wagenmakers, E. -J., & Farrell, S. (2004). AIC model selection using akaike 
weights.Psychonomic Bulletin & Review, 11(1), 192-196.  

Wainer, H., Gessaroli, M., & Verdi, M. (2006). Visual revelations: Finding what is 
not there through the unfortunate binning of results: The mendel effect. 
Chance, 19(1), 49-52.  

Walter, W. G. (1964). Slow potential waves in the human brain associated with 
expectancy, attention and decision. European Archives of Psychiatry and 
Clinical Neuroscience, 206(3), 309-322.  

Walter, W. G., Cooper, R., Aldridge, V. J., McCallum, W. C., &Winter, A. L. (1964). 
Contingent negative variation : An electric sign of sensori-motor association 
and expectancy in the human brain. Nature, 203, 380-384.  

Wang, L., Jensen, O., van den Brink, D., Weder, N., Schoffelen, J. -M., Magyari, L.,  
Bastiaansen, M. (2012). Beta oscillations relate to the n400m during language 
comprehension. Human Brain Mapping, 33(12), 2898-2912.  

Wearden, J. H. (1991). Do humans possess an internal clock with scalar timing 
properties? Learning and Motivation, 22(1), 59-83.  

Wearden, J. H. (1992). Temporal generalization in humans.Journal of 
Experimental Psychology. Animal Behavior Processes, 18(2), 134-144.  

Weber, E. H. (1846). Zusätze zur lehre vom baue und den verrichtungen der 
geschlechtsorgane (Vol. 8).Weidmann. 

Weinberg, H., Grey Walter, W., Cooper, R., & Aldridge, V. J. (1974). Emitted 
cerebral events.Electroencephalography and Clinical Neurophysiology, 36, 
449-456.  

Wichmann, F. A., & Hill, N. J. (2001). The psychometric function: I. Fitting, 
sampling, and goodness of fit. Perception & Psychophysics, 63(8), 1293-1313.  

Wiener, M., Kliot, D., Turkeltaub, P. E., Hamilton, R. H., Wolk, D. A., & Coslett, H. 
B. (2012). Parietal influence on temporal encoding indexed by simultaneous 
transcranial magnetic stimulation and electroencephalography.The Journal of 
Neuroscience, 32(35), 12258-12267.  

Wiener, M., & Thompson, J. C. (2015).Repetition enhancement and memory effects 
for duration. NeuroImage, 113, 268-278. 

Wiener, M., Turkeltaub, P., & Coslett, H. B. (2010). The image of time: A voxel-wise 
meta-analysis. NeuroImage, 49(2), 1728-1740.  

Wittmann, M. (2009).The inner experience of time.Philosophical Transactions of 
the Royal Society B: Biological Sciences, 364(1525), 1955-1967.  

Wittmann, M. (2013). The inner sense of time: How the brain creates a 
representation of duration. Nature Reviews. Neuroscience, 14(3), 217-223.  

Wittmann, M., & Wassenhove, V. V. (2009). The experience of time: Neural 
mechanisms and the interplay of emotion, cognition and embodiment. 
Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 364(1525), 1809-1813.  

Wittmann, M., Simmons, A. N., Aron, J. L., & Paulus, M. P. (2010). Accumulation of 
neural activity in the posterior insula encodes the passage of time. 
Neuropsychologia, 48(10), 3110-3120.  

Wyart, V., De Gardelle, V., Scholl, J., & Summerfield, C. (2012).Rhythmic 
fluctuations in evidence accumulation during decision making in the human 
brain.Neuron, 76(4), 847-858.  

Zakay, D. (1992). The role of attention in children's time perception.Journal of 



 

141 

 

Experimental Child Psychology, 54(3), 355-371.  
Zakay, D., & Block, R. A. (1997).Temporal cognition.Current Directions in 

Psychological Science, 12-16. 

 

 

  




