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Time Perception Deficits in Children and Adolescents with ADHD: A Meta-Analysis
Abstract
Objective: Prior studies have reported time perception impairment in children and adolescents
with ADHD but the results were inconsistent. Method: The current meta-analysis reviews 27
empirical studies published in English after year 2000 that compared time perception
competence among children and adolescents with and without ADHD. Results: Results from
1620 participants with ADHD and 1249 healthy controls showed significant timing deficits in
ADHD. Children/adolescents with ADHD perceived time less accurately (Hedges’g>.40), less
precisely (Hedges’ g=.66) and had higher tendency to overestimate time than their healthy
counterparts. Moderator analyses indicated that the discrepancy of time perception between
groups was not affected by the type of timing tasks nor the modality of stimuli used in the tasks.
Nonetheless, results were moderated by age and gender. Conclusion: These findings may
update current understanding of the underlying neuropsychological deficits in ADHD and

provide insight for future research in clinical assessments and treatments for ADHD.
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Time Perception Deficits in Children and Adolescents with ADHD: A Meta-Analysis
Introduction
ADHD and Time Perception Deficits

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder
with persistent patterns of inattentiveness and/or hyperactivity-impulsivity that interfere with
normal functioning (American Psychiatric Association, 2013). The world-wide estimated
prevalence of ADHD is between 2% to 7%, with an average of around 5% (Sayal et al., 2018)
and it is more commonly observed in males than females (Ramtekkar et al., 2010). Apart from
deficits in executive function (Barkley, 1997) and aversion to delay (Sonuga-barke et al., 2008),
which are commonly found deficits in individuals with ADHD, time perception deficit has
been hypothesized as another neuropsychological impairment in ADHD (Sonuga-Barke et al.,
2010).

Time perception refers to an individual’s subjective experience of event durations and
the passage of time. Studies on time perception have shown that children with ADHD in general
show lower accuracy in time perception tasks (Hurks & Hendriksen, 2010; Hwang-Gu & Gau,
2015; Smith et al., 2002). In line with earlier findings in adults (Pollak et al., 2009), Walg et al.
(2017) showed that children with ADHD perceived time as longer than their typically
developing peers, which suggests the presence of a faster internal clock among individuals with
ADHD.

As suggested by the Scalar Expectancy Theory (SET) and the Dynamic Attending
Theory (DAT), an internal timing mechanism referred to as “the internal clock™ is essential to
the experience of time. According to the SET, there is a “pacemaker-counter” within an
individual which generates temporal pulses that are counted by an accumulator. The registered
counts are then compared against stored information in the long-term memory to enable one’s

judgement on the length of time (e.g. Gibbon et al.,1984; Poppel, 1989). As the SET suggests,



working memory plays a crucial role in time perception, as sufficient working memory capacity
is required to register the pulses accurately in the timing process. However, working memory
impairment is common among individuals with ADHD (Barkley, 1997), and this may have
contributed to their poorer time perception abilities.

The DAT highlights the importance of attention in the timing process (Jones & Boltz,
1989). It postulates that the emission of temporal pulses from the internal clock can be
influenced by external stimuli in the environment. When one attends to external cues in the
surroundings, such as musical rhythm or visual pattern, the speed of the internal clock may
vary accordingly and lead to a distortion of the subjective perception of time (e.g.
Hammerschmidt & Woellner, 2019). As suggested by the DAT, individuals with ADHD who
have attention problems might be more susceptible to the influence of external stimuli in time
perception.

The two theories provide plausible explanations for the timing deficits observed in
ADHD. However, not all studies comparing time perception between individuals with and
without ADHD showed consistent findings. Inconsistencies in results may be attributed to the
use of different task paradigms and parameters of measurement to assess time perception in
prior studies, as well as the application of different modalities in stimulus presentation during
time perception tasks. For instance, Barkley et al. (2001), Bauermeister et al. (2005), and
Meaux and Chelonis (2003) found significant differences between ADHD and healthy controls
in absolute discrepancy scores in time reproduction tasks but not in time estimation tasks.
Hwang-Gu and Gau (2015) and Meaux and Chelonis (2003) found significant group
differences in time reproduction when measuring absolute discrepancy, but not when
measuring accuracy coefficient. Besides task paradigm and parameter of measurement, the
modality of stimulus also appears to matter in the measurement of time perception. Plummer

and Humphrey (2009) reported more accurate responses in time reproduction tasks for both the



ADHD and control groups when stimuli were presented in dual modality (visual and auditory)
in contrast to auditory, or worse still, visual modality. However, Toplak and Tannock (2005)
revealed no significant effects of stimulus modality on the difference in time discrimination
between ADHD and healthy controls. Although prior studies provided supportive evidence for
time perception deficits in ADHD when compared with healthy controls, whether and to what
extent such between-group differences in time perception were influenced by differing
measuring factors remains unknown.
Measuring Accuracy and Precision in Time Perception

Empirical studies often used two parameters to measure timing performance: 1)
accuracy—indicated by the deviation of a temporal judgement from the veridical value; and 2)
precision—indicated by the variability across temporal judgments (Thoenes & Oberfeld, 2017).

Measures of accuracy include coefficient of accuracy, bisection point, and absolute
error/discrepancy. The coefficient of accuracy is a signed magnitude of error commonly used
for measuring accuracy. It is calculated by dividing each temporal judgement response by the
actual duration. A score that is higher than 1.00 reflects overestimation, while a score lower
than 1.00 indicates underestimation (Mullins et al., 2005). The bisection point is another signed
measure of accuracy which indicates the point of subjective perception of equality when
judging two time intervals (Walg et al., 2015). Absolute error/discrepancy indicates the extent
to which a temporal judgement deviates from the actual duration, but does not reflect the
direction of deviation (Bauermeister et al., 2005).

Commonly used measures of precision include: 1) the standard deviation of the
estimates of time across various presentations of the same interval; 2) the difference limen, i.e.,
the threshold for the minimal difference in duration between two time intervals below which

the time intervals cannot be discriminated (Allman & Meck, 2012); and 3) the coefficient of



variation, i.e., the ratio of the standard deviation of temporal estimates to the mean estimate of
time interval (Zelaznik et al., 2012).

Nevertheless, results are mixed when the parameters of time perception measures were
considered. For instance, Meaux and colleagues (2003) reported significant differences
between ADHD and controls in time reproduction tasks based on absolute error (accuracy),
whereas Hurks and Hendriksen (2010) reported no significant differences between groups in
time reproduction tasks based on the coefficient of accuracy. Using the standard deviation of
mean production time as a measure of precision, Smith et al. (2002) reported no significant
differences between ADHD and the controls. However, when using the difference limen
instead, Toplak and Tannock (2005) revealed significant differences between ADHD and
controls in time perception tasks. To understand whether and to what extent individuals with
ADHD differ from healthy groups in time perception performance, more systematic analysis
is required to account for the effect of using different measures on time perception tasks.
Task Paradigm and Stimulus Modality in Time Perception Studies

Prior studies used mainly four types of task paradigms to measure time perception,
namely, 1) time estimation 2) time production, 3) time reproduction, and 4) time discrimination.
In time estimation tasks, participants are asked to verbally estimate the duration of temporal
intervals (Barkley et al., 2001). In time production tasks, participants have to produce specific
temporal intervals (e.g., 5 seconds) by indicating the start and end of the target intervals. In
time reproduction tasks, specific time intervals are presented to participants using visual or
auditory formats, after which participants were asked to reproduce the same target interval as
the one they have just seen/heard. In time discrimination tasks, participants are presented with
two or three temporal stimuli in visual or auditory format, and asked to indicate which one is
shorter/the shortest (or longer/the longest), or whether the stimuli last for the same duration

(Huang et al., 2012).



In prior studies, group differences between individuals with and without ADHD were
not consistently observed across tasks paradigms. For instance, Smith et al. (2002) found
significant difference between ADHD and control groups in time discrimination tasks, but not
in verbal estimation or time reproduction tasks. Yet Hwang-Gu and Gau (2015) reported more
overestimation of time in youths with ADHD than their typically developing peers in verbal
estimation tasks, and Bauermeister et al. (2005) found significant group differences in time
reproduction tasks.

Modality of the stimuli may also affect time perception. As the DAT suggests, external
environment can affect one’s temporal judgement. The modality of stimuli may play a role in
timing performance especially in time reproduction and time discrimination tasks. Ashcraft
(2002) found that auditory information was reportedly available in short-term memory for 4s,
while visual information was only available for about 0.5s. As such, information is likely to be
more easily recalled in the auditory rather than the visual format. In line with this argument,
Plummer and Humphrey (2009) reported that children responded more accurately in auditory
condition than in visual condition in time reproduction task. However, Toplak and Tannock
(2005) found no significant effect of stimuli modality on the difference in time perception
between the ADHD and control groups. It remains unclear whether stimuli modality has a real
effect on timing performance in children and adolescents with ADHD.

Effects of Gender and Age on Time Perception

Gender difference has been a constant theme in time perception research. MacDougall
(1904) reported gender difference in time discrimination in a non-clinical sample more than a
century ago, and this result has been replicated in later research (Eisler & Eisler, 1992; Hancock
et al., 1992; Hancock et al., 1994; Hancock & Rausch, 2010; Rammsayer & Lustnauer, 1989;
Schiff & Oldak, 1990). However, some studies did not observe any gender effects on time

perception (e.g., Baldwin et al., 1966). In a meta-analysis of gender differences in time



perception among healthy individuals, Block et al. (2000) found a small effect of gender on
time perception accuracy which was moderated by task design. Specifically, gender effects
have been indicated for retrospective tasks (i.e., tasks in which participants were not informed
to make temporal judgement before the presentation of the stimuli), favouring males over
females, but not for prospective ones (i.e., tasks in which participants were informed to make
temporal judgement in advance). Sanders and Sinclair (2011) also found that men performed
better than women in time perception accuracy, but this was not observed for the precision of
timing. In sum, previous findings provided evidence for gender differences in time perception
in non-clinical populations, although the gender effects were small and likely affected by the
design of the timing tasks and other factors.

While most research in this area has been conducted among healthy populations, there
are a limited number of studies that have investigated gender effects on time perception in
individuals with ADHD, the samples of which were often over-represented by males
(Ramtekkar et al., 2010). The majority of these studies typically found no significant gender
effects. For instance, Himpel et al. (2009), Toplak and Tonnock (2005), and Walg et al. (2015)
revealed no effects of gender on time discrimination in either the ADHD or control group.
These findings are dissimilar to those obtained from healthy participants. Whether the
discrepancy in results between ADHD and non-ADHD individuals signifies real differences
between them or relates to the gender imbalance in the research samples awaits further
investigation.

Apart from gender, age is often considered an influential factor that may affect time
perception. The perceived passage of time has been shown to be faster with the increase of age
in the general population (Wittmann & Lehnhoff, 2005). Espinosa-Fernandez et al. (2003)
showed that the underproduction of time intervals increases when age advances. Age also

appears to affect temporal sensitivity, as supported by a systematic review indicating



substantial age-related differences in time estimation and time production in adults (Block et
al., 1998). Despite the salient effects of age on time perception observed in adults, there is
much less evidence in the existing literature pertaining to age effects on time perception in
children, not to mention those with ADHD. Among the few studies that have examined age
effects on time perception in children, Droit-Volet et al. (2007) observed an increase in
sensitivity to time in children from age 5 to 8, while Neufang et al. (2008) did not find age
effects on time discrimination among children. It will be of value to evaluate whether age
differentially affects time perception in children with ADHD versus their typically developing
peers.
The Current Study

Given the perplexing findings on time perception difference between individuals with
and without ADHD, the current study aimed to address three questions: 1) whether children
and adolescents with ADHD demonstrated time perception deficit compared to their typically
developing peers; 2) if yes, in which aspect of time perception, namely, accuracy or precision,
did the ADHD groups differ from the control groups; 3) whether task paradigm and stimulus
modality affected the difference in time perception between the groups; and 4) whether such
between-group differences in time perception, if observed, were influenced by age and gender.
A meta-analysis was conducted to answer these questions.

Method

This meta-analysis review was conducted according to the standard guidelines for
conducting and reporting systematic review studies (PRISMA; Mobher et al., 2009).
Identification of Studies

Studies were identified in several databases, including Web of Science, PsycInfo,
PsycARTICLES, and Google Scholar. The key words used in the search were “ADHD” and
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production”, or “time discrimination”. The last search date was August 14, 2019. References
appeared in the identified articles were further screened to examine their eligibility for
inclusion by the first and second authors independently using identical selection criteria. Figure
1 presents a flow chart to illustrate the study selection process.
Inclusion Criteria

Studies that met the following criteria were included in the meta-analysis: 1) empirical
study with a between-group design, and inclusion of at least one group of individuals with
ADHD and one group of matched healthy controls; 2) the sample consisted of
children/adolescents (up to 19 years old); 3) inclusion of at least one time perception task; 4)
published in English after year 2000; 5) results on the participants’ accuracy or precision of
time perception were reported; and 6) sample sizes, means, standard deviations of the measures,
or relevant statistics (e.g., ¢ or F-values) were reported, to allow calculation of the effect size
estimates.
Description of the Included Studies and Data Extraction

Based on the criteria described earlier, 27 studies met the inclusion criteria (Figure 1),
and together provided data from a total of 2869 participants. Among them, there were 1620
children/adolescents with ADHD (83% male) and 1249 healthy controls (57% male). Mioni et
al. (2019) did not provide the gender ratio and therefore was not included in the gender ratio
calculation. The mean age (weighted by sample size) of the participants with ADHD was 11.31
years (SD = 2.72 years), and that of the healthy controls was 10.78 years (SD = 2.75 years)
while the overall mean age was 11.08 years (SD = 2.74 years). Note that McInerney and Kerns
(2003) and Plummer and Humphrey (2009) did not provide SD and hence the weighted
calculation of SD did not include these two studies. Regarding task paradigm, time

reproduction was assessed in most studies (TR; 22 studies), followed by time discrimination
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(TD; 8 studies), and subsequently, time estimation (TE; 5 studies) and time production (TP; 3
studies). Table 1 presents the descriptive summary of the included studies.

The required information from each study was extracted and coded based on the
PRISMA Checklist for meta-analysis (Moher et al., 2009). Relevant data were extracted by the
first and third authors independently. After the selection process, each researcher reviewed the
articles and completed a data extraction form specifically designed for this meta-analysis with
the following information extracted from the selected studies: bibliographic information,
diagnostic assessment (i.e., DSM-IV), age, gender ratio, sample size, IQ, medication condition,
type of time perception tasks (time reproduction, time estimation, time production, and time
discrimination), stimulus modality (visual, auditory, or both), length of interval, and findings.
After extracting the data independently, the first and third authors examined and compared the
information and finalized the content on the data extraction form.

Quality Assessment

Since there are limited standardized tools for quality assessment for non-intervention
group comparison studies, risk of bias of individual studies was assessed independently by the
first and second authors using the Joanna Briggs Institute (JBI) critical appraisal checklist for
cross sectional studies (Moola et al., 2020). The JBI checklist was utilized to make the final
decision on whether a study should be included. Initial agreement between the ratings of the
two reviewers on quality assessment was 89% and any disagreement was resolved through
discussion to reach consensus.

Coding Procedures
Processing Effect Sizes

This study aimed to investigate the group differences between the ADHD and healthy

control samples. The Hedges’ g (Hedges, 1981)—an estimate of the standardized mean

difference between groups—was used as the effect size metric in this analysis. Key statistics
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such as means, standard deviations, sample sizes, effect sizes (if any) and other statistics were
obtained from the original published papers. For studies in which the relevant statistics needed
for the meta-analysis were not fully presented, their authors were contacted through email for
more information.

Based on the sample sizes and all the key statistics mentioned above, a Hedges’ g was
calculated for each task performance, based on the equations listed in Appendix 1. For studies
that have reported the means, SD, and sample sizes (i.e., Barkley et al., 2001; Choi, 2012;
Gonzalez-Garrido et al.,2008), g was calculated as shown in Eq. 1 (Appendix 1), where s is the
pooled sample standard deviation (see Eq. 2). Five studies reported two samples of patients
with ADHD (Bauermeister et al., 2005; Huang et al., 2012; Marx et al., 2010; Mullins et al.,
2005; Toplak et al., 2003). For these studies, we averaged the reported data (means and
standard deviations weighted by sample size) across the two patient samples. A summary of
the effect sizes (Hedges’ g) and relevant statistics are presented in Table 2.

There were seven studies that did not provide sufficient details on the means and SDs
for the ADHD and control groups. Among them, two studies have reported the effect sizes in
Cohen’s d (McInerney & Kerns, 2003; West et al., 2000). For these two studies, g, variances
of g, and standard errors of g were calculated from Cohen’s d according to Hedges (1981; see
Eq. 7 to 11). For the five other studies in which no effect sizes were reported, g was calculated
from the F statistics and sample sizes (see Eq. 3; Hurks & Hendriksen, 2010; Khoshnoud et al.,
2018; Meaux & Chelonis, 2003; Mioni et al., 2019; Walg et al., 2015). The interpretation of
the magnitude of effect sizes was based on the conventional standard, i.e., an effect size of 0.8
is considered as a large effect, 0.5 is considered as moderate, and 0.2 is considered a small
effect (Cohen, 1988). There might be more than one between-group comparison in a selected
study, as different types of tasks were employed to assess participants’ temporal

processing. Based on g and the reported sample sizes, we calculated the variances of g (Eq. 4)
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according to Borenstein et al. (2009). One value of g and V; were produced for each pair of
comparison in each selected study. Once the g value was obtained for each comparison, the
lower and upper limits of the confidence interval of g were calculated according to Eq. 5 & 6.

Two major measures indicated accuracy in time perception, namely, absolute error and
signed accuracy. Absolute error reflects how accurately the individual perceived time, but
cannot provide information on the direction of deviation (i.e., overestimation versus
underestimation). A positive value of g for absolute error indicated a larger error of estimation
for the ADHD group than the control group, and thus implied a lower accuracy for the ADHD
group. Coefficient accuracy (CA) and bisection point (BP) represent another type of indicator
that provides information on the direction of estimation, i.e., signed accuracy. For TE and
bisection tasks (one type of TD tasks that use BP as a measure), a positive g indicated a larger
overestimation of the target time interval for the ADHD group, whereas for the other two task
paradigms (TR and TP), a positive g indicated a larger underestimation of duration for the
ADHD group than the control group. Hence, we reversed the sign of g for the TE and bisection
tasks, so that the effect sizes across all four task types were comparable. After reversing the
sign for g for TE and bisection tasks, a positive value of g indicated an underestimation of
duration for the ADHD group relative to the healthy control group while a negative value of g
showed vice versa. Similarly, for the measures of precision (difference limen, coefficient
variation, standard deviation of time production), a positive value of g indicated a lower
precision of time judgement for individuals with ADHD compared to their typically developing
peers.

Most studies reported more than one pair of comparison due to the inclusion of various
time length intervals in a particular task in those studies. In this case, we averaged the values

of g across the same task and computed Vj; according to Eq. 4. The average effect sizes (see

Appendix 2) were used to measure the potential effect of ADHD on the accuracy and precision
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in time perception, and whether the effect would differ across different task paradigms and
modalities of stimuli.
Moderator Variables

As the age range involved in this meta-analysis was broad (i.e., from 6 to 19), we
included the mean age of the sample in each study as a moderator to account for the effect of
age. Furthermore, as ADHD is found to be more prevalent in boys, the gender ratio (i.e., the
percentage of boys in each study) was also incorporated as another moderator variable to
account for the gender effect.
Analyses

All the analyses were conducted using R (R Core Team, 2019), with the packages of
“meta” (Balduzzi et al., 2019), “metafor” (Viechtbauer, 2010), “tidyverse” (Wickham et al.,
2019), and “dmetar” (Harrer et al., 2019). Random-effect-models were used to estimate the
pooled effect sizes. The effects of moderators, including age, gender, task paradigm, and
stimulus modality were evaluated using random-effects meta-regression models. Outliers were
identified by the “find.outlier” function in the “dmetar” package in R. The heterogeneity was
assessed by Cochran’s Q—the difference between the observed effect sizes and the fixed-effect
model estimate; Tau-squared—the between-study variance; and I>—the percentage of
variability in the effect sizes (Higgins & Thompson 2002). The interpretation of I* was based
on the “rule of thumb” proposed by Higgins et al. (2003), which suggests that low, moderate,
and substantial heterogeneities should correspond to the values of 25%, 50%, 75% respectively.
The possibility of publication bias was indicated by the asymmetry of funnel plots tested using
the Egger’s test (Egger et al., 1997). A significant result of Egger’s test denotes substantial
asymmetry in the funnel plot, which suggests possibility of publication bias. In such cases, the

trim-and-fill procedure (Duval & Tweedie, 2000) would be adopted to estimate the actual
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effect sizes. Furthermore, the fail-safe N calculation (Rosenthal, 1979) would be used to
evaluate the publication bias.

Results
Accuracy and Precision in Time Perception

A random-effects-model was used to estimate the pooled effect sizes. The standardized
mean differences (Hedges’ g) between the ADHD and the control groups in the 27 studies are
presented in Table 2 and Figure 2.

Using the function of “find.outliers” in “dmetar” package in R, studies with confidence
intervals (CI) of effect sizes outside the limits of the 95% CI of the pooled effect size were
excluded. For absolute error in accuracy, Mioni et al. (2019), Mullins et al. (2005), and West
et al. (2002) were identified as outliers. After excluding these outliers, the estimated
standardized mean difference (Hedges’ g) for absolute error was .46 (95% CI = [.36, .56], p
<.001), suggesting that a significantly larger absolute error in accuracy was displayed by the
ADHD group when compared to the control group. The overall pooled effect size was nearly
moderate. The inter-study heterogeneity was not significant, Q(25) = 23.5, p =.14, and
corresponded to an I° of 23.5%. Thus, the studies were overall consistent, with low
heterogeneity (I° < 25%). The Egger’s test (Egger et al., 1997) indicated an insignificant
asymmetry in the funnel plot, = 1.06, p = .30, suggesting a low risk of publication bias. As
such, no studies were trimmed. The fail-safe N calculation revealed that an additional 2337
trials (p <.001) were required before the cumulative effect became statistically nonsignificant.

For signed accuracy, as the direction of deviation was indicated by the sign of g, those
studies that did not provide sufficient information for calculating the sign of g were excluded.
Mullins et al. (2005) and Plummer & Humphrey (2009) were identified as outliers and further
excluded from the analyses. As a result, only 13 trials from 8§ studies were included in the

analysis. The estimated effect size for signed accuracy was -.44 (95% CI =[-.58, -.30], p <.001),
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suggesting that children with ADHD overestimated time more than their typically developing
peers. The inter-study heterogeneity was not significant after excluding the outliers, Q(12) =
13.64, p =.32, and corresponded to an F° of 12.0%. The Egger’s test revealed an insignificant
asymmetry in the funnel plot, t = -.15, p = .88, suggesting a low risk of publication bias. The
fail-safe N calculation showed that an additional 218 trials (p <.001) were required before the
cumulative effect became statistically nonsignificant.

The estimated standardized mean difference for precision was .66 (95% CI =[.50, .81],
p <.001), suggesting that participants with diagnosis of ADHD perceived time less precisely
than their typically developing peers. No outliers were detected among the 11 studies that
reported measures of precision. The interstudy heterogeneity was not significant, Q(12) = 13.91,
p =31, and corresponded to an I* of 13.7%. The Egger’s test reported an insignificant
asymmetry in the funnel plot, # = -.84, p = .42, which signified a low risk of publication bias.
The fail-safe N calculation showed that an additional 446 trials (p <.001) were required before
the cumulative effect became statistically nonsignificant.
Moderator Analyses

Results of the meta-regression analyses with age, gender, task paradigm, and stimulus
modality as moderators are summarized in Table 3. For absolute error in accuracy, age served
as a significant moderator of the time perception difference between ADHD and control groups
(#=-.07,95% CI = [-.11, -.03], t = -3.66, p =.001), suggesting that the older the participants
in the studies, the smaller the between-group difference obtained. For gender, male ratio in
each group was coded as a moderator, and between-group difference in gender ratio was
dummy-coded as a binary factor to indicate whether the ratio of male in each group was the
same. Results showed that neither the gender ratio in each group (ADHD: g =-.13, 95% CI =
[-.99, .74], t = -.30, p =.77; Control: f = -.09, 95% CI = [-.62, .44], t = -.35, p =.73) nor the

difference in gender ratio between groups (f = -.16, 95% CI = [-.38, .05], t = -1.60, p =.12)
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affected the between-group difference in time perception. Furthermore, task paradigm (5= .13,
95% CI = [-.04, .30], t = 1.57, p =.13) and stimulus modality (5 = .04, 95% CI = [-.08, .16], ¢
= .66, p = .51) both did not affect the between-group difference as shown by the meta-
regression analyses.

For signed accuracy, there was a significant effect of age on between-group difference
in time perception (f = .07, 95% CI = [.006, .14], t = 2.42, p = .03), indicating that the older
the participants, the less overestimation of time revealed in the ADHD group in contrast to the
control group. For gender, both the male ratios in the ADHD group (f = -1.79, 95% CI = [-
3.19,-.39], t=-2.81, p =.02) and the control group (f =-1.95, 95% CI=[-3.23,-.67], t=-3.35
p = .006) significantly affected the time perception group difference, meaning that the more
males there were in either group, the more overestimation of time observed in the ADHD group
in comparison with the control group. However, gender ratio difference between groups did
not moderate the between-group difference in time perception (5 = .03, 95% CI = [-.36, .42], ¢
=.16, p = .88). Both task paradigm (f =.002, 95% CI =[-.16, .17], t= .03, p = .98) and stimulus
modality (f = .22, 95% CI = [-.10, .53], t = 1.52, p = .16) did not affect the between-group
difference in signed accuracy of time perception.

For precision in time perception, the effect of age on between-group difference was
significant (f = -.06, 95% CI = [-.11, -.01], = -2.79, p = .02). The male ratios in the ADHD
group (B = .04, 95% CI = [-.05, .14], t = 1.03, p = .32) and the control group (5 = .04, 95% CI
= [-.05, .14], t = 1.02, p = .33), and the gender ratio difference between groups (f = .26, 95%
CI=[-.13,.64],t=1.45, p=.17) did not affect the group difference in time perception precision.
Moreover, both task paradigm (5 = -.04, 95% CI = [-.44, .36], t = -.21, p = .84) and stimulus
modality (8 = -.12, 95% CI = [-.44, .20], ¢t = -.84, p = .42) did not significantly affect the
between-group difference in time perception precision.

Discussion
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Based on a total sample of 1620 children and adolescents with ADHD and 1249 healthy
controls from 27 studies, this meta-analysis examined whether there were significant
differences in time perception between ADHD and control groups among participants aged 6-
19.

Accuracy and Precision in Time Perception

Overall, children and adolescents with ADHD showed lower accuracy in judging the
duration of time compared to their typically developing peers and the overall pooled effect size
was moderate. The results of the signed accuracy analysis indicated that children with ADHD
displayed stronger tendencies than the healthy controls to overestimate time across all types of
tasks.

These findings are in line with the hypothesis of a “faster internal clock™ that prevails
in individuals with ADHD (Walg et al., 2017). The faster-running internal clock might cause
the individuals with ADHD to perceive time intervals as longer than actual, and hence more
likely to overestimate time. Deficits in working memory and attention, which are pervasive in
ADHD, are found to be associated with the timing functions among individuals with ADHD
(Noreika et al., 2013). According to the pacemaker-counter model (Treisman, 1963), a
reference duration is held in the long-term memory for comparison with the currently timed
duration. Working memory plays a crucial role in accurately registering the temporal pulses
emitted by the pacemaker in the timing process. Hence, working memory deficits obstructing
the registration of counts might lead to lower temporal sensitivity in the ADHD group (Toplak
etal., 2003).

Alternatively, the tendency to overestimate time among individuals with ADHD may
also be explained by the DAT, which posits that the allocation of attention to more
stimulating—rather than boring—events might lead to duration overestimation (Tse et al.,

2010). Individuals with ADHD may likely be constantly shifting their focus of attention and
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searching for more stimulating objects and events in the surroundings, therefore registering
more attentional pulses and consequently perceiving time as longer. In fact, it has been pointed
out that the lack of sustained attention to temporal intervals might have contributed to the poor
performance of individuals with ADHD in time perception tasks (Noreika et al., 2013). For
instance, lower attentiveness in children diagnosed with ADHD has been shown to relate to
their subpar performance in time discrimination tasks in contrast to typically developing
children (Rubia et al., 2007).

For precision in time perception, children/adolescents with ADHD made more variable
judgements of time relative to the healthy controls. This difference was consistently observed
across all task paradigms and stimulus modalities. The SET postulates that a constant ratio
exists between the variability of duration judgment and the mean of the objective duration,
known as the Weber’s ratio (Gibbon, 1977). Timing performance of typically developing
individuals, despite fluctuations observed in the Weber’s ratio (for review, see Grondin, 2010),
generally follows the scalar property presumed by the SET. Our results indicated lower
precision and higher variability in time perception for children and adolescents with ADHD.
The lack of precision in duration judgments may reflect a violation of the scalar property of the
Weber’s ratio in individuals with ADHD. This violation is often considered as an indicator of
pathological conditions (Buhusi & Meck, 2005).

Moreover, lower timing precision in the ADHD children/adolescents might also be due
to unrefined motor timing skills. A case study in which a 9-year-old boy diagnosed with ADHD
was reported to improve in timing accuracy after seven weeks of metronomic limb movement
training demonstrated the importance of motor skills to timing functions (Bartscherer et al.,
2005). Children with ADHD have been found to demonstrate a higher reaction time variability
(Kofler et al., 2013) as well as slower and more variable motor outputs than their non-affected

siblings, and the variability in motor timing was found to be associated with ADHD (Rommelse
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et al., 2007). Hence, the higher variability in motor processing and motor timing in ADHD
might provide a plausible explanation for the lower precision in timing observed in children
and adolescents with ADHD in the current study.

The deficits in accuracy and precision in time perception might partially explain why
children with ADHD often show weaker time management skills (Abikoff et al., 2013; Barkley,
1997). Time management involves higher cognitive processes that comprise the abilities to
estimate time, order events chronologically, and allocate appropriate amount of time to
different activities (Abikoff et al., 2013). A lower precision in time perception might likely
imply more significant problems in planning and managing time encountered in everyday life.
This knowledge regarding time perception deficits in children and adolescents with ADHD
may inform future directions of interventions for children with ADHD.

Effects of Moderators on Time Perception

Results from the meta-regression analyses showed no significant effects of task
paradigm and stimulus modality on the difference in timing performance between individuals
with and without ADHD. The invariance of between-group differences across task paradigms
suggested an overall timing deficit in ADHD, regardless of the presentation of timing tasks.
The insignificant effect of stimulus modality provides evidence against the contention that
stimuli presented visually in time perception tasks are less accurately perceived by
children/adolescents than auditory stimuli.

As hypothesized, age is a significant moderator of group differences in time perception
accuracy between individuals with and without ADHD. Our results demonstrated that older
children with ADHD were more aligned with their healthy counterparts in time perception
accuracy than did the younger children—i.e., their time perception became more accurate, and
they were less likely to overestimate temporal durations with increasing age. Furthermore, our

results revealed a significant effect of age on the between-group difference in time perception
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precision, showing that the difference in the precision of timing between ADHD and non-
ADHD groups also reduced as age increased. In sum, our findings suggested that as children
with ADHD grow up, their time perception abilities improve in terms of both accuracy and
precision, and become more comparable to their typically developing peers. Hence, although
the between-group differences in time perception remain significant, children with ADHD are
apparently catching up with their typically developing peers as they age, similar to the situation
for other ADHD symptoms which are observed to lessen with age due to maturation (Berger
et al., 2013; Faraone et al., 2006; Hart et al., 1995).

Gender appears to affect the between-group discrepancies in time perception as well.
When there were more males in the study samples, larger overestimation of time in the ADHD
group was observed in comparison with the control group. Such results could indicate two
possibilities. First, males tend to overestimate time more than females in general, which is
unlikely as a prior meta-analysis found a small but significant effect of gender favouring the
males (Block et al., 2000). Second, it may suggest that ADHD has a larger impact on time
perception in males than in females. Our results showed that a higher ratio of males in the
ADHD group was associated with a larger overestimation of time in this group, suggesting that
time perception in boys might be more affected by the ADHD condition than girls. This finding
is in line with the results from a prior study which showed that girls with ADHD were more
accurate than boys with ADHD in time reproduction (Plummer & Humphrey, 2009).
Limitations of the Study

First, the number of studies found and included in this meta-analysis is relatively small,
which might induce biases in the meta-analytical results. Furthermore, the current study did
not investigate the diversity of time perception across different ADHD subtypes, mainly due
to the lack of subtype information reported in the original studies. Previous findings showed

that more severe symptoms of inattention were associated with less accurate timed responses
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only in the inattentive subtype but not in the combined subtype (Bluschke et al., 2018). Future
studies may examine the diverse patterns of time perception performance across different
ADHD subtypes in time perception. Lastly, medication status was not taken into account in the
meta-analysis. If more studies can provide information about the medication status of their
participants, it will be of high value to examine whether medication may affect the difference
in time perception abilities between children with and without ADHD.

Conclusion

To summarize, results of our meta-analysis showed that children and adolescents with
ADHD performed substantially worse than their typically developing peers in both accuracy
and precision in time perception. Young individuals with ADHD seemed to overestimate time
intervals and sense time as dragging more than their healthy counterparts. Our findings concur
with the proposition of a “faster internal clock™ in individuals with ADHD. Age and gender
have significant effects on group differences in time perception between ADHD and control
groups. Although the difference in time perception remained significant, children with ADHD
become more comparable to their healthy counterparts as they grow up. The male ratios in both
ADHD and control groups have significant effects on group comparison in time perception.
However, the difference in time perception abilities did not significantly depend on task
paradigm or stimulus modality.

The meta-analyses results revealed a salient impairment in time perception among
young individuals with ADHD compared to their healthy counterparts. With reference to the
current findings, time perception deficit may be considered as another important
neuropsychological manifestation of ADHD, apart from executive dysfunction and delay
aversion. Hence, clinical assessment of ADHD may try to include measures of time perception
as markers of timing deficits in ADHD. This might contribute to providing a more

comprehensive profile of the functioning of the individuals and inform treatment plans. We
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also recommend that interventions for children/adolescents with ADHD may incorporate
training to enhance time perception competence of the individuals to facilitate better planning

and time management in their everyday life.
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