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Abstract
Objective: We meta-analyzed studies comparing perceptual timing abilities in the range of milliseconds to several seconds in individuals with ADHD and neurotypical participants, using the well-established time discrimination, time estimation, time production, and time reproduction paradigms. Method: We searched Pubmed, OVID databases and WEB OF KNOWLEDGE through September 17, 2020. From 2,266 records, 55 studies were retained and meta-analyzed with random effects models. We conducted meta-regression analyses to explore moderating effects of task parameters and neuropsychological measures of working memory, attention, and inhibition on timing performance. Results: Compared with those without ADHD, individuals with ADHD had significantly more severe difficulties in discriminating stimuli of very brief durations, especially in the sub-second range. They also had more variability in estimating the duration of stimuli lasting several seconds. Moreover, they showed deficits in time estimation and time production accuracy, indicative of an accelerated internal clock. Additional deficits in individual with ADHD were also found in the time reproduction paradigm, involving attentional (slower counting at short time intervals due to distraction) and motivational (faster counting at long time intervals due to increased delay aversion) functions. Conclusion: There is meta-analytic evidence of a broad range of timing deficits in individuals with ADHD. Results have implications for advancing our knowledge in the field (e.g., for refinement of recent timing models in ADHD) and clinical practice (e.g., testing timing functions to characterize the clinical phenotype of the patient and implementation of interventions to improve timing abilities).
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is characterized by persistent and impairing inattention and/or hyperactivity-impulsivity that are inconsistent with the developmental level1 and interfere with social, academic, or occupational functioning.2-4 ADHD is the most frequent childhood neurodevelopmental disorder, affecting about 5–7 % of school-age children.5 Impairing symptoms may continue into adulthood in up to 70% of the cases with childhood onset, with about one-third of the affected individuals still presenting the full clinical picture of the disorder by the age of 25 years.6 ADHD is associated with several psychiatric disorders,7,8 which all contribute to significant economic burden.9 The treatment for individuals with ADHD includes pharmacological10 and non-pharmacological11 options.
Here, we focus on one aspect, i.e. alterations in time perception, that is not currently considered a core issue of ADHD but has been reported in a sizeable portion of individuals with the disorder.12 It has been argued that impulsiveness in ADHD is associated with compromised timing functions,13 and indeed a significant number of items of the diagnostic criteria of the disorder are in line with behavioral manifestations of timing deficits (e.g., often blurts out an answer before a question has been completed; often interrupts or intrudes on others; or often has trouble waiting his/her turn).1 Beyond impulsivity, other cognitive dysfunctions such as deficits in working memory (WM) and attention to time – which may be impaired in individuals with ADHD14-16 – might also contribute to their timing deficits.13
The literature on timing functions distinguishes between retrospective and prospective timing. In both conditions, subjects are asked to provide temporal estimates which are obtained after completion of a task, e.g., after watching a visual stimulus on the computer screen for a certain period of time. In the prospective condition, the subjects are told in advance that a time judgment will be gathered subsequently, whereas they are unaware of this fact in the retrospective condition. As a result of this prior knowledge, subjects in the prospective condition are likely to spend more attentional resources to time estimation. Thus, durations are “experienced” to the extent to which attention is directed to temporal information in the prospective condition (which is therefore also called perceptual timing), whereas durations are “remembered” in the retrospective condition.17,18 Whereas the exploration of retrospective timing in ADHD has been limited, a variety of prospective timing paradigms have been assessed in individuals with ADHD. These include 1) time discrimination paradigms, where participants typically are asked to discriminate between stimuli that differ in their duration by tens or hundreds of milliseconds; 2) paradigms operating in the range of several seconds, where participants are requested to verbally provide an estimation of a previously presented stimulus (time estimation paradigm), produce a previously specified time interval by pressing a button (time production paradigm), or reproduce the duration of a previously presented stimulus by pressing a button (time reproduction paradigm).19
A broad range of studies have shown that individuals with ADHD have perceptual timing difficulties when compared with non-affected controls.19 The most consistent findings showed a decreased perceptual sensitivity in the time discrimination paradigm and larger deviations from the time intervals to be reproduced, as well as underestimations especially at longer temporal durations, in the time reproduction paradigm. In terms of factors possibly underlying these deficits, it has recently been suggested that impairment in WM constitutes a general contributing factor across all tasks operating in the range of several seconds, probably reflecting disturbed information updating in terms of a faster internal counting process.20 In addition, attention processes have also been found to be associated with time estimation/production deficits, whereas motivational processes have been associated with time reproduction deficits.20 The available literature on the time discrimination paradigm further suggests that the degree of performance deficits in ADHD may depend – at least in part – on task-related factors such as duration of stimulus presentation and length of the inter-stimulus interval, as these put additional demands on WM during task performance.21-23 
[bookmark: _Hlk82180840]As timing deficits are associated with core deficits of the disorder15,24 and have proposed by some in the field to constitute a third and independent neuropsychological pathway to ADHD – in addition to inhibitory and motivational deficits12 – a deeper, quantitative understanding of timing mechanisms in individuals with ADHD is crucial. This might pave the way for the development of appropriate treatments that target these deficits in order to reduce impairment in individuals with ADHD. This will be of significant clinical benefit due to the high prevalence and severity of the disorder. However, apart from two fMRI meta-analyses that incorporated primarily motor timing paradigms in order to establish neurofunctional brain alterations25 or that examined medication effects on brain function using the time discrimination paradigm,26 no meta-analytic evidence is available on the perceptual timing abilities of individuals with ADHD compared to neurotypical individuals using neuropsychological data from all paradigms described above. Therefore, the present meta-analysis aimed to examine perceptual timing functions in individuals with ADHD by quantifying the degree of impairment and by assessing possible associations with cognitive alterations across paradigms and studies. We aimed to test the following hypotheses: 1) in the time discrimination paradigm, individuals with ADHD perceive the stimuli as being equal in length sooner; 2) the magnitude of group differences in time discrimination is moderated by duration of stimulus presentation and length of the time interval between both stimuli, with lowest differences emerging when WM demands are minimized; 3) individuals with ADHD display increased timing variability  in all supra-second perceptual timing paradigms; 4) individuals with ADHD overestimate the time intervals in the time estimation paradigm but underestimate the time intervals in the time production and time reproduction paradigms, reflecting a faster internal clock; 5) the degree of temporal overestimations and under(re)productions depends on interval length, with proportionally larger errors in comparison to controls emerging when longer time intervals are included, reflecting cumulative effects of an accelerated timing mechanism; 6) timing performance is significantly associated with neuropsychological measures of WM, attention, and inhibition.
METHOD
Protocol
The protocol was registered with the International Prospective Register of Systematic Reviews (PROSPERO) prior to screening against the eligibility criteria (record ID: CRD42020165341). Post hoc changes to the protocol are specified in Supplement 1 (available online). Study reporting is in accordance with the Preferred Reporting Items for Systematic review and Meta-Analysis protocols (PRISMA) guidelines.27
Eligibility Criteria
Articles that meet the following criteria were included: (i) peer reviewed and including original data; (ii) examining human participants; (iii) using any neuropsychological test measuring time discrimination (or a close variant, the temporal bisection task), time estimation, time production, or time reproduction paradigms; (iv) including a control group; (v) using  validated standard research diagnostic instruments (i.e., structured or semistructured interviews) in clinical studies, or validated diagnostic screening instruments (i.e., ADHD-specific questionnaires) in population-based studies, for the diagnosis of ADHD; (vi) describing the diagnostic procedure and the sources of cases and controls. If more than one article was published based on the same data set, the publication with the largest sample size was selected (in case of equal sample sizes, we selected the study published earlier).
Literature Search
We searched Pubmed (Medline), OVID databases (PsychInfo, EMBASE, EMBASE classic, and OVID Medline), WEB OF KNOWLEDGE (Web of Science, Biological abstracts, Biosis, Food science, technology abstracts) from inception to September 17, 2020, with no limitations in terms of language or type of document. Details about the search strategy and syntax are provided in Supplement 1.
Outcomes 
On the time discrimination and temporal bisection paradigms, the sensitivity threshold, i.e., the point at which individuals fail to discriminate the presentation duration of the two experimental stimuli and perceive them as being equal, or the number of correct comparisons, were selected as the main outcome. On the time estimation, time production, and time reproduction paradigms, absolute errors (i.e., the absolute value of deviation between the specified and the estimated time interval, representing the absolute amount of error regardless of its direction) and accuracy coefficient scores (i.e., the ratio between the estimated and the specified time interval, indicating under- or overestimation) were selected as the main outcome. Additional included variants of these main outcome variables are listed in Supplement 1. Moreover, t-values and F-values for simple group comparisons were selected if the aforementioned dependent variables (DV) were not reported. The potential effect of variable type, i.e., relative errors vs. simple means, was evaluated as part of the moderation analyses.
Secondary outcomes included the presentation duration of the constant comparison stimulus and the length of the inter-stimulus-interval (time discrimination paradigm), the overall time span covered by the respective paradigm as indicated by the difference between the longest and the shortest time interval, the number of implemented time intervals, and laboratory measures of WM, attention, and inhibition (time estimation, time production, and time reproduction paradigms). The neuropsychological regressors for each study are described in Table S1 (available online). Data on ethnicity was extracted after feedback during the peer review process.
Study Selection
One co-author performed the search, with the support of a medical librarian, and two other co-authors independently assessed study eligibility. A sufficient level of inter-rater reliability was determined by double coding a subsample of the database (n=50), before each of the reviewers assessed half of the articles (odd-even splitting). The inter-rater agreement for the randomly selected papers was κ=.85, which is considered strong.28
Study Quality Assessment
The methodological quality of included studies was assessed independently by two co-authors using the MINORS criteria.29 The MINORS criteria and the results of the quality assessment can be found in Supplement 2 and Table S2 (available online).
Statistical Analysis
ES were aggregated using the Borenstein’s method30 when at least two ES relevant to each research question were available. Bias corrected standardized mean differences (SMD)31 were computed for all paradigms and considered low (d=.2), moderate (d=.5), or high (d=.8), according to the Cohen`s convention.32 The standardized mean difference (SMD) refers to the difference between the time estimations in the ADHD and control group divided by their pooled variance. A positive and statistically significant SMD for the absolute error would suggest, for example, that individuals with a diagnosis of ADHD show more variable time estimates, and for the accuracy coefficient score it would suggest that they overestimate time durations compared to neurotypical controls. The meta-analyses for each paradigm were performed with random-effects models, i.e.,  (where  denotes the observed effect,  the true effect,  and  the respective error terms for the true effect and the study effect).33 All meta-analytic procedures were conducted using the R-software package “metafor”.34 Restricted maximum-likelihood estimation (REML) were used to estimate τ2, which are approximately unbiased.35 Q and I2 statistics were computed to assess between-study heterogeneity. When interpreting I2 values, we follow general conventions of .25, .50, and .75 corresponding to low, moderate, and high between-trial heterogeneity (i.e., percentage of true heterogeneity rather than heterogeneity due to hazard), respectively.36 When significant heterogeneity was detected (i.e., τ2>0, regardless of the results of the Q-test), a credibility/prediction interval for the true outcomes was also calculated.37 Studentized residuals and Cook’s distances were used to examine whether studies may be outliers and/or influential in the context of the model.38 Studies with a studentized residual larger than the 100×(1-0.05/(2×k))th percentile of a standard normal distribution were considered potential outliers (i.e., using a Bonferroni correction with two-sided α=0.05 for k studies included in the meta-analysis). Studies with a Cook’s distance larger than the median plus six times the interquartile range of the Cook’s distances were considered to be overly influential. Outliers were detected for the time estimation absolute discrepancy score39 and for the time reproduction absolute discrepancy and accuracy scores40 and the respective studies were excluded from further analyses. The conceptualization of the DV – the use of mean time estimates instead of errors as a measure of time reproduction accuracy – turned out as a significant moderator in one study.41 Three of the remaining studies were considered as overly influential.42-44 Funnel plots, fail-safe N,45 and rank tests for funnel plots46 were used to assess publication bias. Additionally, we conducted meta-regression analyses to explore moderating effects of task parameters and neuropsychological measures of WM, attention, and inhibition on timing performance, using mixed effect regression models.34 With regard to the neuropsychological measures, a model considering all moderators simultaneously could not be computed as the corresponding data matrix was underdetermined with respect to the number of factors to be estimated. Consequently, these models were calculated for each moderator separately. No analyses were conducted for the time estimation and time production accuracy scores as the number of parameters to be estimated exceeded the number of observations.
RESULTS
Descriptive Statistics
The flow chart of study selection is displayed in Figure 1. In total, 87 references met our inclusion criteria. Thirty-two studies could not be meta-analyzed (see reason of exclusion in Supplement 3, available online). Thus, a total of 55 independent studies were included in the analyses.13,20-24,39-44,47-89 Study characteristics are displayed in Table S3 (available online). Excluding group comparisons testing the impact of ADHD medication on perceptual timing abilities, a total of 72 experimental group comparisons (time discrimination: n=25; time estimation: n=9; time production: n=7; time reproduction: n=31) were included. Of the 55 studies included in our systematic review, only 9 (16%) explicitly reported on ethnicity of their participants. From these, five older studies included only European Americans (one American study) or Europeans of white descent (four European studies), whereas the other four studies used a quite representative sample of the US population. Two further studies reported that experimental groups were matched for ethnic background.
Inference Statistics
Overall Effect Sizes
Time Discrimination Paradigm
A total of k=25 studies were included in the analysis. The observed outcomes ranged from 0.02 to 1.53. The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome differed significantly from zero (z=9.49, p<0.01). Individuals with ADHD show impaired time discrimination abilities in terms of a significantly elevated sensitivity threshold. A forest plot showing the observed outcomes and the estimate based on the random-effects model is shown in Figure 2 (as the forest plots for the subsequent analyses). Measures on heterogeneity and publication bias for all paradigms are reported in Tables S4 and S5, respectively (available online). Funnel plots are displayed in Figure 3. Further descriptives and statistical characteristics can be found in Table 1.
Time Estimation Paradigm
For the absolute discrepancy score, a total of k=8 studies were included in the analysis. The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome differed significantly from zero (z=5.13, p<0.01). 
For the accuracy score, a total of k=2 studies were included in the analysis. The estimated average outcome based on the random-effects model was  (95% CI:  to . The average outcome differed significantly from zero (z=2.53, p<0.01). 
Time Production Paradigm
A total of  studies were included in the analysis for the absolute discrepancy score. The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome differed significantly from zero (z=2.35, p=0.02). 
For the accuracy score, a total of k=3 studies were included in the analysis. The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome differed significantly from zero (, ). 
Time Reproduction Paradigm
For the absolute discrepancy score, a total of k=26 studies were included in the analysis. The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome differed significantly from zero (z=10.41, p<0.01). 
For the accuracy score, a total of k=14 studies yielded the following results: The estimated average outcome based on the random-effects model was  (95% CI:  to ). The average outcome did not differ significantly from zero (z=1.11, p=0.27). 
Moderation Analyses
Task Modality
As fMRI studies were included in the time discrimination and the time reproduction analyses, we conducted moderation analyses to investigate the effect of task modality, i.e., fMRI vs. non-fMRI studies. The results for both the time discrimination, QM(1)=0.02, p=.90, and the time reproduction paradigm, QM(1)=0.05, p=.82, were insignificant.
Sociodemographic Data
IQ was a significant moderator in the time discrimination paradigm. A total of k=22 studies yielded the following results: The estimated average outcome based on the random-effects model was  (95% CI:  to ). The estimate of the moderator was  (95% CI: - to ). According to the -test, the true outcomes appear to be non-heterogeneous (, , , %). This finding suggests that larger IQ values are associated with lower sensitivity thresholds, i.e., increased task performance. No further significant effects for age, gender, and IQ emerged (all p’s>.10).
Task-Inherent Measures 
The moderation analysis of time discrimination sensitivity threshold by stimulus presentation duration, length of the inter-stimulus-interval, and their interaction (k=14 studies) yielded non-significant results (all p>.10), i.e., none of the moderators exerted significant influence on the test performance of individuals with ADHD compared to neurotypical individuals. An additional moderator analysis of stimulus presentation duration alone with the categories “below one second” and “above one second” yielded a significant result (QM(1)=4.76, p=.03). The main factor, i.e., experimental group, remained statistically significant ( 95% CI:  to  The difference between <1sec and >1sec durations was significant (( 95% CI: - to -, suggesting that individuals with ADHD are especially impaired in their performance at very brief stimulus durations below one second but that group differences are attenuated (but still significant) at longer durations.
For time estimation, the moderation analysis using a mixed effect modelling of the absolute discrepancy scores by interval duration (k=7 studies) was statistically significant (QM(1) = 4.32, p  = 0.04). The main factor, i.e. subject versus control condition, remained statistically significant ( 95% CI:  to  The stimulus interval duration yielded a small but significant effect ( 95% CI:  to ). With increasing interval duration, individuals with ADHD improved in their performance relative to controls, i.e. they decreased their timing variability. No further significant effects were found.
Neuropsychological Measures
WM tended to predict the absolute errors (QM(1)=3.15, p=.08, 95% CI:  to ) and accuracy scores (QM(1)=3.55, p=.06, 95% CI:  to ) in the time reproduction paradigm. No further significant effects emerged (all p>.10).
Medication Effects
For the time discrimination paradigm, the moderation analysis of medication status (i.e., per cent of drug-naïve participants in the ADHD group) including a total of k=16 studies yielded the following results: The estimated average outcome based on the random-effects model was non-significant (; 95% CI:  to ). The medication status, however, was a statistically significant moderator (; 95% CI:  to ). According to the -test, the true outcomes appear to be non-heterogeneous (, , , %). Findings suggest thus that drug-naïve participants performed marginally worse on time discrimination tasks when compared with subjects who discontinued their ongoing medication.
	DISCUSSION	
This systematic review with meta-analysis of 55 studies was conducted to investigate time perception impairments in individuals with ADHD relative to neurotypical individuals across the most frequently applied experimental paradigms covering very brief time intervals, usually in the range of several hundreds of milliseconds (temporal discrimination) up to several seconds (time estimation, time production, time reproduction), and to gain insight into the possible mechanisms underlying these deficits. We found meta-analytic evidence of significant deficits in individuals with ADHD across all timing paradigms, which we will now discuss in detail. 
In relation to our first hypothesis, one of the most striking findings of this meta-analysis was that individuals with ADHD displayed a significantly decreased perceptual sensitivity threshold, i.e. they assessed two stimuli that only slightly differed from each other in their presentation duration sooner as being equal when compared with controls. In line with our second hypothesis, we actually found that this deficit was more evident for very brief time intervals with stimulus durations below one second. Heterogeneity in ES across studies was small and could not be explained by neuropsychological predictors of WM, attention, and inhibition, arguing for a timing deficit at the sensory level in individuals with ADHD.
Interestingly, duration discrimination in the range of milliseconds has been found to be associated with alertness, suggesting that a high level of alertness is necessary for the perception of very short stimuli as these stimuli can be missed more easily when arousal is low.90 At the neurofunctional level, a right hemisphere network subserves intrinsic alertness, comprising the brainstem, thalamus, anterior cingulate cortex (ACC), insula, and parietal cortex,91 and additional dorsolateral prefrontal cortex (DLPFC) activation seems to reflect phasic alertness.92 This alertness network overlaps with a fronto-insular-striatal perceptual timing network in which performance on sub-second tasks relies more strongly on subcortical processing (i.e., sensory-automatic processes) and performance on supra-second tasks relies more strongly on cortical processing (i.e., involvement of higher-order cortical functions).93 Of note, methylphenidate has been found to up-regulate activations in overlapping structures of these neuronal networks (i.e., frontal cortex, ACC, insula) in children with ADHD, along with a normalization of time discrimination performance,13,83 supporting the alertness deficit hypothesis as a possible factor underlying timing deficits in ADHD. Several meta-analyses showed that MPH increases a diverse set of attentional and executive functions beyond alertness16,94,95 and therefore alertness may not be the only factor underlying timing deficits. However, most of these functions, in particular working memory, sustained attention, and inhibition, indeed rely on intrinsic or phasic alertness,96,97 making alertness a pivotal candidate for the explanation of basic timing dysfunctions. Importantly, drug effects are not exclusively mediated by alertness, but medication has a direct impact on timing functions,13,83 as also suggested by our moderator analysis. Moreover, since the data on hand do not include direct measures of internal neuronal processes but the results and the referred literature are suggestive of an involvement of alertness in perceptual timing dysfunctions in individuals with ADHD, the hypothesized mechanisms need to be tested in future fMRI studies. 
Our third hypothesis was fully confirmed. In all paradigms assessing timing of longer periods in the range of several seconds, individuals with ADHD showed a significantly larger variability in the accuracy of their time estimates as shown by larger absolute discrepancy scores, indicating less timing precision when compared with controls. Furthermore, analyses of the accuracy scores suggest that individuals with ADHD overestimated stimulus durations in the time estimation paradigm (i.e., reported a larger number of seconds elapsed) but underestimated these durations in the time production paradigm (i.e., pressed the response button for a shorter period of time), in line with our fourth hypothesis. These findings might be explained within the framework of the scalar expectancy theory (SET).98,99 This theory assumes that an internal pacemaker emits pulses at a constant rate. When the subject pays attention to the duration of a stimulus, a switch closes and pulses are transmitted to an accumulator which counts these pulses. The amount of pulses collected determines the subjective estimation of a perceived duration (clock stage). The pulses stored in the accumulator are then transferred to working memory for the purpose of comparison with a reference value stored in long-term memory (memory stage). The degree of discrepancy between both values is monitored by a comparator. Finally, a temporal judgment is made (i.e., time has elapsed vs. not yet elapsed) and a response occurs when the perceived discrepancy drops below a threshold (decision stage). 
Interpreting our findings within the terminology of SET, the larger variability of ADHD duration judgments might be caused by the individual’s decreased levels of alertness which increase the variability of the closing time of the switch, as well as its closing latency, the latter allowing for a smaller number of pulses to be accumulated.100 Whereas this explanation holds for the variability of timing, it does not for the duration estimates, as the theory predicts shorter duration judgments due to fewer pulses being accumulated, but not longer duration judgments as corroborated by our findings. The same is true for the explanation that deficits in selective attention towards the stimulus lead to a loss of pulses which, as a result, cannot be stored in the accumulator; this should cause a shortening (but not a lengthening) of subjective duration.101 Thus, beyond dysfunctions of the attentional switch mechanism causing increased variability of the time estimates, our findings suggest that the pacemaker itself is accelerated in individuals with ADHD. Support for this assumption comes from perceptual timing studies in which individuals are asked to produce repeatedly the duration of a one-second interval which is believed – due to its shortness – to reflect internal clock mechanisms in the absence of higher order cognitive functions (e.g., sustained attention, working memory) or altered motivational states (i.e., delay aversion). These type of studies have found faster responses, i.e., underproductions, in individuals with ADHD.102,103 Taken together, our findings on time estimation and time production paradigms are compatible with the notion of deficits at the clock stage in terms of an accelerated internal clock as well as disturbed attentional switch mechanisms, causing faster and more variable time estimates in individuals with ADHD. 
For the time reproduction paradigm, a more heterogeneous picture emerged, with some studies reporting underreproductions and some studies reporting overreproductions in individuals with ADHD compared to controls, resulting in a considerably smaller effect size for the accuracy score across studies when compared with the other paradigms. Six out of eight studies reporting longer than required responses include shorter time intervals (i.e., up to 17 s), and four out of six studies reporting shorter than required responses included longer time intervals (i.e., up to 60 s), suggesting a steeper short-to-long accuracy gradient in individuals with ADHD. Given the need to estimate the duration of the stimulus prior to its reproduction, one might assume that impaired time estimation is a causal factor for time reproduction deficits in individuals with ADHD. However, our analyses suggest the opposite, as time estimation accuracy increased with increasing interval length in individuals with ADHD. In line with this, it was recently shown that individuals with ADHD overestimate shorter time intervals but that they are correct at longer time intervals.20 Consequently, the time-dependent increase of time estimation abilities cannot explain the decrease in time reproduction performance (i.e., either over- or underreproduction) in individuals with ADHD at longer time intervals. Alternatively, these findings may be explained by a different pattern of involvement of cognitive and motivational functions subserving task performance. Therefore, one might tentatively assume that the time reproduction task puts the individuals in a more aversive emotional state, as they must respond for the same amount of time as the stimulus that was just presented, which makes the task much longer – and more boring – than the other tasks. Individuals with ADHD who are known to be particularly delay averse12,15 may try to reduce this negative emotional state by completing the task as soon as possible, e.g., by speeding up their counting or by stopping working. This is supported by recent findings from a longitudinal study showing that children with ADHD successively decreased in their time reproduction accuracy (i.e., they probably counted faster) whereas they showed effects of practice in a sustained attention task.20 Additionally, incentives were found to compensate for larger time reproduction variability in adults with ADHD, along with longer response times and decreasing impulsivity errors in a sustained attention task,67 both pointing to a significant involvement of inhibitory and motivational processes during task processing. Moreover, we found a trend for an association between working memory on timing performance, suggesting an effect of the speed of internal counting on performance accuracy. Taken together, it might be tentatively concluded that the time reproduction task captures different strategies in coping with delay-induced negative emotional states, leading to an overestimation of short time intervals and an underestimation of long time intervals. At shorter time intervals, individuals might “dream away” by directing attention to task-irrelevant but more interesting aspects of the situation which might result in slower counting. However, they might count faster with increasing length of the time intervals, with both behaviors resulting in a speed-up of the subjective passage of time, which is in line with the Dual Pathway Model of ADHD.12
Alternatively to the SET theory, the Dual Pathway Model might also explain overestimations in the time estimation paradigm and underestimations in the time production paradigm, both suggestive of faster internal counting strategies in individuals with ADHD. By contrast, approaches of pure executive dysfunctions are less supported by our data. According to Barkley’s theory,104 for example, timing constitutes a sub-component of WM which is impaired due to disturbed superordinate inhibitory processes. Thus, Barkley’s theory suggests that impaired WM prevents individuals with ADHD from proper application of their timing abilities, resulting in an impulsive lifestyle which is less guided by hindsight and forethought. Although several studies report on an association between WM and timing performance,52,65,70 we found only weak evidence for this association which might be due to the diversity of tasks used in the primary studies. Thus, our sixth hypothesis was only partly confirmed.
Our findings have possible clinical implications, albeit not currently directly applicable to the clinical practice. As timing has been proposed as an independent neuropsychological pathway to ADHD, timing tasks should be considered in the clinical assessment of ADHD to better characterize the clinical profile of the patient. A measure of time perception should fulfill the criteria of high internal consistency, i.e., it should measure a homogeneous underlying construct, and of high test-retest-reliability, i.e., the measurements should be stable over time in order to allow for follow-up assessments. A recent study identified how the ideal timing measure should look like in terms of reliability.105 In that study, the time estimation paradigm was the most robust paradigm in terms of internal consistency and test-retest reliability, whereas the other paradigms showed poor internal consistency (time reproduction) or poor test-retest reliability (time discrimination). Poor internal consistency of the time reproduction paradigm might also be causative for the large between-study heterogeneity of performance accuracy observed in our meta-analysis: Depending on the length of time intervals included, individuals with ADHD under- or overestimate these target intervals, suggesting that different constructs are being measured. Moreover, it was demonstrated that accuracy coefficients are more reliable than absolute errors. Thus, the time estimation accuracy score which – at the same time – represents faster internal clock mechanisms in individuals with ADHD should be the first choice for a diagnostic tool to be developed. However, it is important to highlight that evidence of use of this measure to predict diagnosis at the individual patient level is lacking. Besides reliability, potential clinical measures should also have discriminant validity, i.e., they should enable a differentiation between ADHD and other relevant psychiatric disorders such as depression, anxiety disorders, and autism spectrum disorders (ASD) which are also characterized by abnormal levels of activity and attention. Whereas individuals with ADHD – as a group – show marked timing deficits relative to controls regarding all paradigms under investigation here, patients with depression show no deficits in these neuropsychological tasks at all.106 Further, anxious patients were found to underreproduce short time intervals in the time reproduction task107 whereas our findings suggest that individuals with ADHD overestimate these time intervals, and the time discrimination deficit typically found in individuals with ADHD seems to be less pronounced or even absent in individuals with ASD.66,108,109 These findings suggest a good discriminant validity of perceptual timing tasks with regard to ADHD. However, most of the aforementioned studies have been conducted in patients relative to controls, and direct head-to-head comparisons with individuals with ADHD are largely lacking.
Some limitations of our study should be mentioned: Due to the nature of our methodological design, i.e., averaging values across conditions within studies, we were not able to assess effects of pharmacological treatment which should be the goal of future studies. For some of the paradigms and DVs examined, moderator analyses could not be conducted due to a restricted number of studies (i.e., number of predictors exceeded number of criteria). However, even for the paradigms with a good data situation, i.e., the time discrimination and the time reproduction paradigms, our hypotheses regarding moderation effects could only partly be confirmed. This might in part be due to heterogeneity of the operationalization of the dependent variables and regressors. Further studies are needed to test concurrently the impact of relevant moderators (i.e., working memory, task-oriented attention, inhibition, and delay aversion) on timing performance, especially on performance accuracy as an intuitive measure of the duration aspect of timing. Contrary to our expectations, we did not find cumulative effects of an accelerated clock in terms of proportionally larger errors with increasing interval length in individuals with ADHD compared to neurotypical individuals (fifth hypothesis), although such effects have been repeatedly found for the time production20 and the time reproduction20,50,67,68 paradigms. This might be due to low statistical power in the case of time production and an overrepresentation of studies with rather short time intervals in the case of time reproduction. On the basis of the very limited data available from the studies included in our meta-analyses, it may be assumed that diversity of participants and, associated therewith, generalizability of our results may be restricted. However, this conclusion is burdened with a high degree of uncertainty caused by a large proportion of studies (84%) not reporting on ethnicity of the examined individuals. Unfortunately, the limited data available do not allow for statistical analyses of diversity aspects. Future studies should systematically include data on ethnicity in order to examine its potential impact on the primary outcomes.
We conclude that individuals with ADHD have difficulties to discriminate stimuli that vary from each other for only several milliseconds, and they are more variable in their time estimates of several seconds irrespective of the paradigm examined, which may both be driven by their lowered alertness levels. Additionally, our data suggest that deficits in time estimation and time production accuracy may be caused mainly by an accelerated internal clock, and we argue that motivational and inhibitory mechanisms in addition might explain the loss of accuracy at long time intervals in the time reproduction task. These data support a recently proposed model of perceptual timing in ADHD.20 However, whereas that model suggests dysfunctions in distinct but partially overlapping task-dependent cognitive mechanisms as being relevant for impaired timing task performance in individuals with ADHD, it may now be modified by assuming a more hierarchical organization (see Figure 4). Fuzzier time estimates caused by decreased alertness levels along with a faster internal clock (as indicated by faster internal counting processes) may constitute a deficient core timing mechanism common to all timing paradigms, with deficits in sustained attention being additionally more relevant for the time production paradigm (e.g., in terms of disruptions in counting by losing the train of thought) and delay aversion and inhibition being more relevant for the time reproduction paradigm (i.e., in terms of a strong desire to escape from task-inherent delay which is perceived as aversive).
To characterize further the phenotype of the patient during the diagnostic process that may deserve clinical attention, we suggest to develop a tool based on the time estimation paradigm. The time estimation accuracy score not only represents an intuitive score reflecting faster internal clock mechanisms in individuals with ADHD, but the paradigm also shows high internal consistency and test-retest reliability, allowing for a reliable assessment of developmental or interventional changes in timing abilities related to developmental factors or external interventions. A better characterization of the timing skills of individuals with ADHD is necessary to inform specific intervention strategies aimed to target impairments beyond clinical core symptoms.
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Table 1
Descriptives and Statistical Characteristics of the Conducted Meta-Analyses

	Paradigm
	Number of included studies
	Number of included subjects
	Number of individuals with ADHD
	Number of controls
	Range of observed outcomes
	95% credibility/ prediction criterion for true outcomes

	Time Discrimination

	Sensitivity Threshold
	
25
	
1,420
	
675
	
745
	
.02–1.53
	
.24–.90

	Time Estimation

	Absolute Discrepancy Score
	

8
	

971
	

577
	

394
	

.03–.50
	

.12–.58

	Accuracy Score
	
2
	
342
	
240
	
102
	
.17–.54
	
–

	Time Production

	Absolute Discrepancy Score
	

7
	

448
	

177
	

271
	

-.11–.65
	

-.22–.80

	Accuracy Score
	
3
	
212
	
74
	
138
	
-.63–-.41
	
–

	Time Reproduction

	Absolute Discrepancy Score
	

26
	

3,029
	

1,690
	

1,339
	

-.05–1.24
	

-.51–.91

	Accuracy Score
	
14
	
1,007
	
518
	
489
	
-.97–1.01
	
-1.07–1.17





Figures

Figure 1. Flow Chart of Study Selection Procedure.

Figure 2. Forest Plots of the Standardized Mean Differences of the Observed Outcomes. Figure Caption: A = Time Discrimination Sensitivity Threshold; B = Time Estimation Absolute Discrepancy Score; C = Time Estimation Accuracy Score; D = Time Production Absolute Discrepancy Score; E = Time Production Accuracy Score; F = Time Reproduction Absolute Discrepancy Score; G = Time Reproduction Accuracy Score.

Figure 3. Funnel Plots. 
Figure Caption: A = Time Discrimination Sensitivity Threshold; B = Time Estimation Absolute Discrepancy Score; C = Time Estimation Accuracy Score; D = Time Production Absolute Discrepancy Score; E = Time Production Accuracy Score; F = Time Reproduction Absolute Discrepancy Score; G = Time Reproduction Accuracy Score.

Figure 4. A Neuropsychological Model of Perceptual Timing Dysfunctions in ADHD.
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