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Abstract
The literature has suggested timing processing as a potential endophenotype for attention

deficit/hyperactivity disorder (ADHD); however, whether the subjective internal clock speed

presented by verbal estimation and limited attention capacity presented by time reproduc-

tion could be endophenotypes for ADHD is still unknown. We assessed 223 youths with

DSM-IV ADHD (age range: 10-17 years), 105 unaffected siblings, and 84 typically develop-

ing (TD) youths using psychiatric interviews, intelligence tests, verbal estimation and time

reproduction tasks (single task and simple and difficult dual tasks) at 5-second, 12-second,

and 17-second intervals. We found that youths with ADHD tended to overestimate time in

verbal estimation more than their unaffected siblings and TD youths, implying that fast sub-

jective internal clock speed might be a characteristic of ADHD, rather than an endopheno-

type for ADHD. Youths with ADHD and their unaffected siblings were less precise in time

reproduction dual tasks than TD youths. The magnitude of estimated errors in time repro-

duction was greater in youths with ADHD and their unaffected siblings than in TD youths,

with an increased time interval at the 17-second interval and with increased task demands

on both simple and difficult dual tasks versus the single task. Increased impaired time repro-

duction in dual tasks with increased intervals and task demands were shown in youths with

ADHD and their unaffected siblings, suggesting that time reproduction deficits explained by

limited attention capacity might be a useful endophenotype of ADHD.

Introduction
Attention-deficit/hyperactivity disorder (ADHD) has been recognized as an early-onset, com-
mon neuropsychiatric disorder with deficits in a wide-range of neuropsychological functions
[1]. Despite its high heritability, results regarding the genetic etiologies for ADHD have been
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mixed [2] due to the tremendous clinical and genetic heterogeneity in ADHD [1, 3, 4]. Hence,
the endophenotypic approach has been proposed as one of reasonable methods to reduce the
complexity of the phenotypical and potentially genetic heterogeneity and to offer measurable
components that are more proximal to the biological expression of genes than the observed be-
havioral phenotype [4].

A useful endophenotype meets the following criteria [4]: First, the heritable traits of vulner-
ability are related to the diagnosis; second, these traits can be measured by tools with good psy-
chometric properties; third, the endophenotype shows familial-genetic overlap and increased
expression in unaffected relatives of probands [5], such as unaffected siblings [6, 7].

Many studies have shown that several neuropsychological functions [8] including time per-
ception could be the endophenotypes associated with ADHD [5, 9, 10]. Some studies found
that ADHD individuals showed poor performance on a variety of time perception tasks [11–
15]. Furthermore, some studies with siblings demonstrated that ADHD probands and their un-
affected siblings tended to perform poorly in time discrimination tasks of short duration (50
milliseconds) [10], time reproduction tasks of long duration (4–20 seconds) [9], and motor
timing of one-second duration [5]. These studies suggested that timing processing can be treat-
ed as potential endophenotypes for ADHD [5, 9, 10]; however, different time perception tasks
with different temporal information processes might involve different neural substrates [15,
16].

In time discrimination, participants usually need to compare two brief intervals of similar
duration in milliseconds [14, 15]. Several studies have suggested that this temporal information
might be processed mainly at the perceptual level [14], that it was beyond cognitive control
[10], and that the cerebellum might be involved in an important neural anatomical position
[10, 14]. In verbal estimation, participants need to report the length of the presented event’s
duration (usually in seconds) [17]. Several studies of verbal estimation have dealt with the rela-
tionship of subjective time in conventional clock units as a reflection of internal clock speed
[18–20]. If the judgments were more/fewer than the presented event’s duration, that is overesti-
mation/underestimation, then the participant might have a faster/slower subjective internal
clock than the external objective clock. Time reproduction is a measurement of objective inter-
val timing in which participants need to store and represent a temporal event (not having been
told its length) in some way (e.g. press a response key) [12]. Interval timing requires higher
cognitive processing [15], especially attention allocation and working memory [21] in order to
encode, store, and represent the temporal information, and the interval length increased, the
more cognitive demand need to be taxed. Both verbal estimation and time reproduction in sec-
onds require higher cognitive function in order to process the temporal information, and the
prefrontal cortex may be involved [22].

One previous study found that children with ADHD and their unaffected siblings were im-
paired in time reproduction tasks (at 4–20s), and suggested that time reproduction deficits in
seconds may be an endophenotype for ADHD [9]. A limited attention capacity and defects in
attention allocation are critical processing factors for the deficits in time reproduction in
ADHD; however, to the best of our knowledge, no study has examined whether such a limited
attention resource would be a candidate endophenotype for ADHD. In addition, no previous
study has questioned if verbal estimation of subjective internal clock speed could be a candidate
endophenotype for ADHD. The current study used verbal estimation and a time reproduction
dual task paradigm to examine this issue.

Some studies have shown that individuals with ADHD had a fast subjective internal clock
speed [15, 23], as they usually overestimated the length of intervals in verbal estimation [15,
16]. On the other hand, several neuropsychological models for ADHD have offered different
explanations for the time reproduction deficits [15]. Some studies claimed that poor behavioral

Time Reproduction as ADHD Endophenotype

PLOS ONE | DOI:10.1371/journal.pone.0127157 May 18, 2015 2 / 16

Competing Interests: The authors have declared
that no competing interests exist.



inhibition impaired working memory and consequently affected the accuracy of interval timing
[11, 24]. The delay aversion model claimed that ADHD individuals tended to underestimate
durations because of their aversion to task engagement [25]. Attention allocation has been con-
sidered to be the critical cognitive process in interval timing [26, 27], and estimated duration is
closely related to the amount of attention resources allocated to the passage of time [26], as
demonstrated in dual task paradigms [28].

In a time perception dual task paradigm, as participants perform simultaneous temporal
and non-temporal tasks, different kinds of information may compete for the limited attention
resources [27, 28]. It would be anticipated that the more the attention resources were allocated
to the non-temporal task, fewer resources would be available for temporal processing [27, 28].
Consequently, the duration of time passage would be estimated to be shorter and more variable
[26, 27]. Hwang et al. [21] used the dual-task paradigm, including time reproduction and non-
temporal tasks at time intervals of 5–17 sec and found that children and adolescents with
ADHD had less precise time reproduction than did controls across all tasks. They also had a
significant increase in differential estimated errors as the interval lengths and task difficulties
increased [21]. Our prior study provides some evidence to support the idea that limited atten-
tion capacity may account for the deficits in time reproduction in ADHD [21].

Rommelse et al. [9] found that children with ADHD and their unaffected siblings were im-
paired in time reproduction tasks (at 4–20s), with more absolute discrepancy errors than con-
trols as the length of time increased. They suggested that time reproduction deficits in seconds
may be an endophenotype for ADHD; however, no previous study has examined limited atten-
tion capacity for time reproduction as a candidate endophenotype for ADHD, and no previous
study has examined verbal estimation of internal clock speed as another potential candidate
endophenotype for ADHD.

The current study used verbal estimation to explore subjective internal clock speed [19, 20]
and a time reproduction dual task paradigm to explore attention allocation in time reproduc-
tion [21] to test the following hypotheses: 1) If fast subjective internal clock speed is an endo-
phenotype for ADHD, then ADHD probands and their unaffected siblings will tend to
overestimate verbal estimation more than controls; 2) If limited attention capacity, the patho-
logical processing of time reproduction in ADHD, is a proxy for the endophenotype for
ADHD, then unaffected siblings, similar to youths with ADHD, will perform worse than con-
trols, especially when the time interval is lengthened and task demands increase because they
have fewer attention resources for temporal information processing [21].

Methods

Participants
The sample consisted of 223 youths with ADHD (males, 86.9%), 105 unaffected siblings
(males, 30.5%), and 84 typically developing (TD) youths (males, 81.0%). The youths with a
clinical diagnosis of ADHD in childhood according to DSM-IV criteria were recruited from
the Department of Psychiatry, National Taiwan University Hospital, Taiwan. The clinical diag-
nosis of ADHD was confirmed using the Chinese-language Kiddie epidemiologic version of
the Schedule for Affective Disorders and Schizophrenia (K-SADS-E) interview [29] of the par-
ticipants and their parents at the mean age of 12.3 ±1.6 (range, 10 to 17). Among the 223
youths with a childhood diagnosis of DSM-IV ADHD at the time if the current assessment,
189 (84.8%) still met the full DSM-IV ADHD criteria and 34 (15.2%) did not have overt
functional impairment.

We recruited 141 biological siblings, aged 10 or older, who were assessed for their lifetime
and current diagnosis of ADHD and other psychiatric disorders using the Chinese K-SADS-E
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interview at a mean age of 12.7 ±2.4. The inclusion criteria for the unaffected sibling group in-
cluded the participants who were the biological siblings of youths with ADHD, who did not
have lifetime or current diagnosis of ADHD according to the DSM-IV ADHD diagnostic crite-
ria as assessed by the Chinese K-SADS-E interview with the participants and their parents/
caregivers, who were aged 8–18, and who and whose parents provided written informed con-
sent to the study. For those families with two or more unaffected siblings, the siblings who have
the closest age to the probands would be recruited. Of the 141 biological siblings, 36 (25.5%)
were diagnosed either as ADHD or sub-threshold ADHD (more than three of nine symptoms
in each of the DSM-IV inattention and hyperactivity-impulsivity dimensions) and 105 who did
not have lifetime and current diagnosis of ADHD were identified as unaffected siblings.

The TD youths were recruited from the same school districts as the youths with ADHD
with the help of principals and teachers rather than by advertisement. They did not have life-
time or current ADHD based on the Chinese K-SADS-E interviews with them and their pa-
rents at their mean age of 12.7±1.9 (age range, 8–18).

All children who had a lifetime clinical diagnosis of psychosis, autism spectrum disorder, or
a learning disability or who currently had mood disorders, or who had an intelligence quotient
score less than 80 were excluded.

Measures
The Chinese K-SADS-E. The Chinese K-SADS-E was prepared using a two-stage transla-

tion and modification of several items with psycholinguistic equivalents relevant to the Tai-
wanese culture, and further modified to meet the DSM-IV diagnostic criteria [29]. It has been
widely used in a variety of clinical [6, 30] and community studies [29] in Taiwan. The details of
the interview training and best estimate of psychiatric diagnosis have been described elsewhere
[6, 31] and are summarized below.

Interviewer training: Four interviewers, who had undergone one year of intensive clinical
and research training in child psychiatry before the Chinese K-SADS-E interview training,
reached over 90% agreement on all mental disorders assessed by the Chinese K-SADS-E (rang-
ing from 98.25±1.91 to 99.38±1.06) against the rating of each item in the K-SADS-E by SS Gau
for 30 clinical subjects before study implementation. The inter-rater reliability of the Chinese
K-SADS-E among SS Gau and the four interviewers using 12 subjects was satisfactory for all
mental disorders, with generalized kappa for each diagnosis ranging from 0.86 to 1.00. Their
K-SADS-E interviews were audiotaped periodically and monitored by SS Gau, who was blind
to the personal information of the participants, to ensure the quality of interviews.

Best Estimate Diagnoses: The corresponding author was blind to the diagnostic status and
name of the participant and was not involved in the direct K-SADS-E interviewing of any of
the participants or their parents at follow-up. She made all the best estimates of each psychiat-
ric diagnosis according to the data from the K-SADS-E interviews of participants and their
mothers, medical records, and other self-administered questionnaires reported by the partici-
pants, parents, and teachers. The diagnostic coding was categorized into definite (meeting all
DSM-IV diagnostic criteria), probable (either not meeting all DSM-IV symptoms criteria but
more than half or no functional impairment), possible (some symptoms but no impairment),
and no diagnosis. For mental disorders other than ADHD, those patients who received a rating
as definite or probable by best estimate were categorized as having a particular mental
disorder.

Chinese version of the Conners’ Parent Rating Scale-Revised: Short Form (CPRS-R:S).
The CPRS-R:S, a 27-item parent-reported rating scale, consists of three factor-derived sub-
scales (cognitive problems/inattentive, hyperactivity, and oppositional) and the ADHD index
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[32]. Each item is rated on a 4-point Likert scale—0 for never, seldom; 1 for occasionally; 2 for
often, quite a bit; and 3 for very often, very frequently. The Chinese CPRS-R:S has been proven
to be a reliable and valid instrument for measuring ADHD-related symptoms in Taiwan [32].

Time Perception Tasks. Time perception tasks were computerized and controlled by the
Visual Basic 6.0 Software Package on an IBM laptop (ThinkPad R51). The joystick made for
PS2 was used as the input instrument.

Verbal estimation Task: Participants first heard a computer’s sound like /bi/ (lasting
100ms from the computer) followed by the presence of a green circle with a diameter of 1.8 cm
in the center of a blank screen visible for 5, 12 or 17 seconds. Immediately following each pre-
sentation the screen went blank and participants were instructed to verbally estimate the dura-
tion of the green circle and respond by a number key on the keyboard. After two practice trials,
there were six presentations, two trials for each of three time intervals, 5, 12, and 17 seconds,
appearing in random order.

Time Reproduction Task-Single Version: The temporal stimulus was identical to that for
the verbal estimation (S1 Fig), but immediately following each presentation the screen went
blank, and participants were instructed to press the joystick key to let the circle reappear and
raise the key when they thought that the same duration of time had elapsed. Following a prac-
tice session, two trials, each with the three intervals (5, 12, 17 seconds), were presented in a ran-
domized order for a total of 6 trials.

Time Reproduction Dual Tasks: Simple and Difficult Versions: In the dual task, the tem-
poral task was identical to that in the single version as described above. In the concurrent non-
temporal task, the participants were asked to count the number of Arabic numerals 1 to 9, 1.5
cm in size, and 1.8 cm under the green circle, with each numeral lasting 200 msec. The inter-
stimulus interval (ISI) of the Arabic numerals was randomly distributed, ranging from 1100
msec to 1800 msec in each trial so that the number of appearances of digits in each trial was
not the same, even at the same time intervals (S1 Fig). The circle and the numeral stimuli on
the screen appeared and disappeared simultaneously. For the timing tasks, the participants
were asked “Please try your best to perform the two tasks simultaneously.” Immediately follow-
ing the temporal and non-temporal stimuli presentation, the screen went blank, and the partic-
ipants were asked to “Please input the numbers of the target digit by keyboard of the laptop
and press the key on the joystick continuously until you think it lasts for the same time interval,
then, raise the response key.” Participants were asked to count all the numerals shown on the
screen in the simple version of the non-temporal task, and to count only the odd numerals in
the difficult version.

Scoring: Absolute discrepancy errors and an accuracy coefficient score were the two depen-
dent variables used to measure verbal estimation and time reproduction tasks [11]. An absolute
discrepancy error is defined as the absolute value of the magnitude of the discrepancy between
the performance on the time perception tasks generated by the participants and the actual time
interval presented to them. Because the absolute discrepancy error provides a measure of the
magnitude of the errors (incorrectness in time perception tasks) made by the participants, re-
gardless of the direction of the error [11, 12], it is considered as a suitable index to describe the
precision of timing performance in the time perception task [11]. An accuracy coefficient score
(estimated duration / actual interval) higher than 1.00 indicated overestimation and one lower
than 1.00 indicated underestimation. The value of the accuracy coefficient score has been used
as an index to reflect the speed of subjective internal clock in some studies [19, 20] and has also
been used to describe the direction of the errors of estimation [11]. The accuracy of the non-
temporal task was defined as the ratio of the number of conditions in which the subjects had a
perfect score for the digits shown on the screen to the total number of conditions.
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Procedure
The Research Ethics Committee of National Taiwan University Hospital [IRB ID: 9561703011;
ClinicalTrials.gov number NCT00491647] approved the current study prior to its implementa-
tion. Written informed consent was obtained from the participants and parents. All participants
received the same psychiatric evaluation and time perception tasks. The participants and their
parents, mainly mothers (76.7%), were interviewed using the Chinese K-SADS-E independently
by separate well-trained interviewers to determine the diagnosis of ADHD and other psychiatric
disorders as described by the DSM-IV diagnostic criteria. The participants were assessed using
theWechsler Intelligence Scale for Children-3rd edition (WISC-III), and only those participants
who met the inclusion criteria were assessed with the time reproduction tasks. The participants
who took methylphenidate were asked to halt medication for at least 24 hours before the tests.

Data Analyses
We used SAS 9.2 software (SAS Institute Inc., Cary, NC, USA) to perform the data analysis.
The descriptive results were displayed as frequency and percentage for categorical variables,
and mean and SD for continuous variables. We used a multi-level model with random and
fixed effects to address the lack of independence of youths with ADHD and their unaffected
siblings within the same family, the repeated measures at different time intervals, and the dif-
ferent versions of tasks by the same participants. The Proc Glimmix procedure with binomial
distribution and logit link for the non-linear mixed model was used to compare the rates of co-
morbid psychiatric disorders and to compute the odds ratios and 95% confidence intervals. We
excluded the outliers beyond 3 SDs for each condition of the time perception tasks. The Proc
Mixed procedure was used with the linear mixed model to address the lack of independence
within the same family for probands and unaffected siblings and the repeated measures within
the same participants, and to compare each version of the time perception task. The three com-
parison groups were treated as a fixed factor and the three time interval lengths as repeated
measures; the Bonferroni method was used to adjust p values in post hoc analyses. Cohen’s d
was used to compute the effect size [33].

In order to examine the effect of attention allocation in time reproduction paradigms, a linear
mixed model with fixed and random effects was used to address repeated measures for the same
participants. The three comparison groups were treated as a fixed factor, the three time interval
lengths and three different tasks as repeated measures, and parental educational level and partic-
ipants’ gender, age, full-scale IQ, use of methylphenidate, presence of psychiatric co-morbidity,
and symptoms of ADHD as measured by the CPRS-R:S as covariates in the multivariate analy-
sis. Two-way interaction terms including “groups and interval lengths interaction”, and “groups
and different versions of time reproduction task” were also included in the multivariate analysis.

Pearson’s Correlations were performed to explore the associations between the performance
of verbal estimation, time reproduction (single, simple/ difficult versions of the dual task), and
the symptoms of inattention, hyperactivity and impulsivity as measured by the CPRS-R:S. Ex-
ploratory stepwise regression analyses were then performed to determine which symptoms (in-
attention, hyperactivity and impulsivity) as measured by the CPRS-R:S accounted for the most
variability in each time perception task.

Results

Sample description
There were significant differences in gender, level of parental educational, inattentive symp-
toms and hyperactivity-impulsivity symptoms among the three comparison groups (Table 1).
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One hundred eighty-six youths with ADHD (83.4%) had taken and/or were taking methylphe-
nidate (Table 1). The distribution of ADHD subtypes in the ADHD group was 121 (54.3%) for
the ADHD-Combined subtype, 90 (40.4%) for the ADHD-Inattentive subtype, and 12 (5.4%)
for the ADHD-Hyperactivity-Impulsivity subtype. Youths with ADHD were more likely than
unaffected siblings and TD youths to have oppositional defiant disorder and conduct disorder.
The details of the comparison of co-morbid psychiatric disorders among the three groups are
provided in S1 Table.

Verbal Estimation Task
ADHD probands had more absolute discrepancy errors than unaffected siblings (t(764) = 3.78,
p< .001) and TD youths (t(764) = 4.21, p< .001), and the significant effects remained after con-
trolling for covariates. The precision decreased with increased interval length, but the interac-
tion effects between the groups and intervals were not significant (Table 2).

ADHD probands had higher accuracy coefficient scores than unaffected siblings (t(764) =
6.37, p< .001) and TD youths (t(764) = 4.67, p< .001) which implied that they tended to overes-
timate the length of duration. The significant effects remained after controlling for covariates.
The accuracy coefficient scores did not significantly change with increased interval length and
no significant interaction effects were found between the groups and intervals.

Time Reproduction Single Task
ADHD probands had more absolute discrepancy errors than unaffected siblings (t(858) = 3.65,
p< .001) and TD youths (t(858) = 2.53, p = .035), but the significant effect disappeared after con-
trolling for covariates. The precision decreased with increased interval length, and the

Table 1. Sample characteristics.

ADHD (n = 233) Unaffected Sibling (n = 105) TD (84) F value or χ2
mean (SD) or % mean (SD) or % mean (SD) or %

Age 12.3 (1.6) 12.7 (2.4) 12.7 (1.9) 2.61

Gender, male 86.9% 30.5% 81.0% 115.84***

Full IQ 102.6 (11.8) 105.0 (11.7) 112.3 (8.4) 22.62***

Medication (methylphenidate)

Current use 49.8% —

Ever used 83.4% —

Duration of use (in months) 13.11 (6.07)

Father’s Education Level

College and above 62.7% 87.9% 15.65***

Senior high school and below 37.3% 12.1%

Mother’s Education Level

College and above 52.1% 77.6% 13.92***

Senior high school and below 47.9% 22.4%

CPRS-R: Sa

Inattention/Cognitive problems 10.98(4.42) 1.23(1.98) 1.29(1.94) 349.82***

Hyperactivity/Impulsivity 7.88(4.86) 0.69(1.71) 0.47(0.99) 179.09***

Note. ADHD = Attention-Deficit/Hyperactivity Disorder, TD = typically developing adolescents, SD = standard deviation,
aCPRS-R: S = Conners’ Parent Rating Scale- Revised: Short Form

*** p < .001

doi:10.1371/journal.pone.0127157.t001
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interaction effect between the groups and intervals was significant, suggesting a significant dif-
ference among the groups with increased interval length (Table 3).

There were no significant differences in accuracy coefficient scores among the three groups
and the intervals, but the effects of interaction between groups and intervals were significant
after controlling for covariates (Table 3).

Time Reproduction Dual Tasks
ADHD probands (t(778) = 3.79, p< .001 for the simple version; t(786) = 4.06, p< .001 for the dif-
ficult version) and unaffected siblings (t(778) = 2.58, p = .030 for the simple version; t(786) =
2.80, p< .016 for the difficult version) had more absolute discrepancy errors than did TD
youths after controlling for accuracy rates in the non-temporal tasks in the two versions of the
time reproduction dual tasks, but only the significant difference between ADHD probands and
TD youths remained after controlling for covariates in the simple (t(655) = 3.18, p = .002) and
difficult (t(663) = 2.68, p = .022) versions of the time reproduction dual tasks. The precision de-
creased with increased interval length and the interaction effect between the three groups and
intervals (Table 3) was significant, suggesting a significant difference among the three groups
with increased interval lengths in the two versions of time reproduction dual tasks (Figs 1 and
2). Details of the comparison of accuracy in the non-temporal tasks among the three groups
are provided in S2 Table.

There were no significant differences in accuracy coefficient scores among the three groups
after controlling for covariates. Participants tended to underestimate time as the interval
lengths increased without statistically significant groups and time interval interactions
(Table 3).

Table 2. Comparisons of performance on the verbal estimation task among the ADHD, unaffected sibling, and typically developing groups.

mean
(SD)

ADHD
(n = 223)

Unaffected Sibling
(n = 105)

TD
(n = 84)

Cohen’s d Multivariate Analysis

A vs.
S

A vs.
TD

S vs.
TD

F value Comparison F valuea Comparisona

Absolute discrepancy errors

5 sec 2.14(2.38) 1.57(1.76) 1.13
(1.30)

0.40 0.67 0.28 G:F = 13.52,
p<.001;

A>S, TD G:F = 5.99, p =
.003;

A>S, TD

12 sec 4.61(5.00) 3.76(4.25) 2.70
(3.33)

0.18 0.45 0.28 IN:F = 85.53,
p<.001;

IN:F = 65.79,
p<.001;

17 sec 6.54(7.42) 5.57(6.45) 3.58
(3.28)

0.14 0.52 0.39 G×IN:F = 2.00,
p = .092

G×IN:F = 1.68,
p = .153

Accuracy Coefficient Scores

5 sec 1.38(0.75) 1.15(0.44) 1.06
(0.31)

0.37 0.55 0.24 G:F = 27.4,
p<.001;

A >S, TD G:F = 6.71, p =
.001;

A>S, TD

12 sec 1.28(0.57) 1.15(0.52) 1.04
(0.35)

0.24 0.51 0.25 IN:F = 1.65, p =
.193;

IN:F = 1.64, p =
.194;

17 sec 1.30(0.67) 1.14(0.48) 1.01
(0.28)

0.27 0.56 0.33 G×IN:F = 0.73,
p = .573

G×IN:F = 0.60,
p = .663

Note. M, mean; SD, standard deviation; ADHD, attention deficit/hyperactivity disorder; TD, typically developing adolescents; G, group main effects, IN,

lengths of interval main effects;
a adjusted for covariates (age, gender, co-morbidity, and parental education)

doi:10.1371/journal.pone.0127157.t002
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Table 3. Comparisons of performance on the time reproduction task among the ADHD, unaffected sibling, and typically developing groups.

M
(SD)

ADHD Unaffected
Sibling

TD Cohen’s d Multivariate Analyses

(n = 223) (n = 105) (n = 84) A vs.
S

A vs.
TD

S vs.
TD

F value Comparison F value a Comparison a

Absolute discrepancy errors

Time reproduction (single)

5 sec 0.75
(0.50)

0.78(0.55) 0.73
(0.41)

-0.06 0.04 0.10 G: F = 8.08, p
<.001;

A>S, TD G: F = 2.17, p =
.115;

n.s.

12
sec

1.91
(1.53)

1.30(1.11) 1.63
(1.50)

0.46 0.18 -0.25 IN:F = 92.96,
p<.001;

IN: F = 68.22,
p<.001;

17
sec

2.57
(2.39)

2.25(2.07) 1.94
(2.00)

0.14 0.29 0.15 G×IN:F = 2.91, p =
.021

G×IN:F = 3.30, p =
.011

Time reproduction (dual task simple version)

5 sec 1.17
(0.78)

1.15(0.66) 0.98
(0.58)

0.03 0.28 0.27 G: F = 7.24,
p<.001;

A,S>TD G: F = 5.07, p =
.007;

A>TD

12
sec

3.08
(2.04)

2.89(2.08) 2.45
(1.40)

0.09 0.36 0.25 IN:F = 293.45,
p<.001;

IN:F = 224.29,
p<.001;

17
sec

4.70
(2.97)

4.49(2.63) 3.55
(2.13)

0.07 0.44 0.39 G×IN: F = 2.47, p
= .043

G×IN:F = 3.39, p =
.009

Time reproduction (dual task difficult version)

5 sec 1.48
(0.88)

1.44(0.80) 1.16
(0.70)

0.05 0.40 0.37 G: F = 8.35,
p<.001;

A,S>TD G: F = 3.69, p =
.025;

A>TD

12
sec

3.64
(2.29)

3.51(2.10) 2.82
(1.74)

0.06 0.40 0.36 IN: F = 305.51,
p<.001;

IN: F = 239.54,
p<.001;

17
sec

5.85
(3.57)

5.24(3.16) 4.38
(2.95)

0.18 0.45 0.28 G×IN: F = 2.76, p
= .027

G×IN:F = 3.09, p =
.016

Accuracy coefficient scores

Time reproduction (single)

5 sec 0.93
(0.24)

0.89(0.14) 0.87
(0.10)

0.20 0.33 0.16 G: F = 0.93, p =
.396;

n.s. G: F = 0.93, p =
.395;

n.s.

12
sec

0.87
(0.19)

0.92(0.12) 0.88
(0.13)

-0.31 -0.06 -0.32 IN: F = 0.26, p =
.772;

IN: F = 0.30, p =
.740;

17
sec

0.86
(0.20)

0.90(0.14) 0.90
(0.12)

-0.23 -0.24 0.00 G×IN: F = 3.28, p
= .011

G×IN: F = 2.90, p
= .021

Time reproduction (dual task simple version)

5 sec 0.83
(0.29)

0.84(0.21) 0.86
(0.16)

-0.04 -0.13 -0.11 G: F = 3.30, p =
.037;

TD>A G: F = 2.42, p =
.090;

n.s.

12
sec

0.77
(0.23)

0.77(0.22) 0.81
(0.13)

0.00 -0.21 -0.22 IN: F = 20.97,
p<.001;

IN: F = 19.31,
p<.001;

17
sec

0.72
(0.22)

0.75(0.18) 0.81
(0.14)

-0.15 -0.48 -0.37 G×IN: F = 0.88, p
= .474

G×IN:F = 1.13, p =
.340

Time reproduction (dual task difficult version)

5 sec 0.78
(0.33)

0.76(0.22) 0.82
(0.19)

0.07 -0.15 -0.29 G: F = 6.03, p =
.003;

TD>A,S G: F = 2.48, p =
.084;

n.s.

12
sec

0.71
(0.24)

0.71(0.20) 0.80
(0.19)

0.00 -0.42 -0.46 IN: F = 15.22,
p<.001;

IN: F = 14.36,
p<.001;

17
sec

0.66
(0.24)

0.69(0.21) 0.76
(0.19)

-0.13 -0.46 -0.35 G×IN: F = 1.25, p
= .1.25

G×IN: F = 0.80, p
= .523

Note. M, mean; SD, standard deviation; ADHD, attention deficit/hyperactivity disorder; TD, typically developing adolescents; G, group main effects, IN,

lengths of interval main effects;
a adjusted covariates (age, gender, co-morbidity, and parental education)

doi:10.1371/journal.pone.0127157.t003
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Amodel integrating the three interval lengths and three time
reproduction task designs in absolute discrepancy errors
In order to compare the interactions between the three groups and the levels of difficulty in the
time reproduction tasks (including the three interval lengths and single task and dual tasks in
the simple and difficult versions) in absolute discrepancy scores, a mixed model was used to ac-
count for intra-family correlations and repeated measures in the same subjects (Table 4). The
backward elimination method was used to determine the significant correlates for the precision
of time reproduction in the final model. We found that there were significant contrast effects
between youths with ADHD and TD youths in interval length (17-seconds vs. 5-seconds, F(1,
2402) = 22.48, p< .001), and between unaffected siblings and TD youths in interval lengths
(17-seconds vs. 5-seconds, F(1, 2402) = 6.60, p = .010). There were contrast effects between
youths with ADHD and TD youths in task design (simple vs. single, F(1, 2402) = 5.83, p = .016;
difficult vs. single, F(1, 2402) = 9.84, p = .002); and between unaffected siblings and TD youths in
task design (simple vs. single, F(1, 2402) = 6.22, p = .013; difficult vs. single, F(1, 2402) = 5.06, p =
.025). The results showed that increased length of time intervals and task difficulty and

Fig 1. Absolute discrepancy errors on the simple version of the time reproduction dual task in three time interval lengths (5, 12, and 17 seconds)
for the attention deficit hyperactivity disorder (ADHD), unaffected siblings, and typically developing adolescents (TD) groups.

doi:10.1371/journal.pone.0127157.g001
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complexity were associated with an increased magnitude of estimation errors among youths
with ADHD and their unaffected siblings when compared to TD youths, after controlling for
all the covariates.

Dimensional analyses
To explore the association between symptoms of ADHD and verbal estimation and time repro-
duction, we calculated the Pearson correlations (r) between inattention and hyperactivity-im-
pulsivity as measured by CPRS-R:S and the absolute discrepancy errors and accuracy
coefficient scores for verbal estimation and the three kinds of time reproduction tasks (S3
Table). There were significantly low positive correlation between inattention symptoms and
absolute discrepancy scores in verbal estimation and those in time reproduction (r = .23, .26, p
< .05, respectively) (S3 Table). Moreover, there were significantly low positive correlation be-
tween inattentive symptoms and overestimation in verbal estimation (r = .23, p< .05) (S3
Table) and low negative correlations between inattention symptoms and the underestimation
in time reproduction in time reproduction dual task difficult version (r = -.21, p< .05) (S3
Table).

As shown in S4 Table, in stepwise regressions analyses, only inattention symptoms ac-
counted for 6.1% of the variability in the absolute discrepancy scores in the dual task difficult
version as presented by the index of sr2 (the squared semipartial correlations).

Fig 2. Absolute discrepancy errors on the difficult version of the time reproduction dual task in three
time interval lengths (5, 12, and 17 seconds) for the ADHD, unaffected siblings, and TD groups.

doi:10.1371/journal.pone.0127157.g002
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Discussion
To the best of our knowledge, the current study was the first to examine verbal estimation and
time reproduction performance with different levels of cognitive demands in temporal tasks
using additive methods [34] in a large sample of youths with ADHD and their unaffected sib-
lings, as compared to TD youths. We found that ADHD probands tended to overestimate in
verbal estimation more than their unaffected siblings and TD youths, suggesting that subjective
fast internal clock speed was seen in youths with ADHD, and might be a characteristic of
ADHD [5]; however, we found that ADHD probands and their unaffected siblings were less
precise in time reproduction dual tasks (simple and difficult versions) in terms of absolute dis-
crepancy errors. As the task demand increased in the time reproduction tasks, differential pat-
terns were shown in the contrasting effects between groups (ADHD vs. TD, unaffected sibling
vs. TD) and interval lengths (17 sec vs. 5 sec), and between groups and task difficulty (simple
vs. single; difficult vs. single). Unaffected siblings occupied an intermediate position between
youths with ADHD and TD youths in both versions of the time reproduction dual tasks. Our
results provided strong evidence to support the previous findings that ADHD youths have a
limited attention capacity causing the defect inattention allocation involved in time reproduc-
tion [21]. The current study also provided new evidence implying that the limited attention
capacity revealed in the time reproduction dual tasks in 5–17 seconds fulfilled some of the im-
portant criteria for a candidate endophenotype for ADHD[4] because: 1) the time reproduction
task had good psychometric properties, especially for the dual task paradigm [21]; 2) time re-
production deficits related to the limited attention capacity and the defect of attention alloca-
tion were found in youths with ADHD [21]; 3) time reproduction deficits related to the limited
attention capacity were also noted in unaffected siblings of youths with ADHD. In dimensional

Table 4. A model integrating the effects of group, time interval, and task versions on the absolute dis-
crepancy errors on the time reproduction task after controlling for confounding factors.

β 95% CI F value p†

Group Effect

ADHD vs. TD -0.62 (-1.11, -0.13) 6.13 .013

Unaffected Sibling vs. TD -0.42 (-0.96, 0.13) 2.27 .132

Time Interval Effect

12 sec (vs. 5 sec) 1.38 (1.01, 1.75) 53.68 <.001

17 sec (vs. 5 sec) 2.19 (1.82, 2.56) 134.84 <.001

Task Demand Effect

Simple (vs. Single) 0.76 (0.39, 1.13) 16.10 <.001

Difficult (vs. Single) 1.24 (0.87, 1.61) 43.02 <.001

2-way Interactions

ADHD*17 sec (vs. 5 sec) 1.03 (0.61, 1.46) 22.46 <.001

Unaffected Sibling*17 sec (vs. 5 sec) 0.63 (0.15, 1.11) 6.60 .010

ADHD* Simple (vs. Single) 0.53 (0.10, 0.96) 5.76 .016

ADHD* Difficult (vs. Single) 0.68 (0.25, 1.11) 9.69 .002

Unaffected Sibling* Simple (vs. Single) 0.61 (0.13, 1.09) 6.22 .013

Unaffected Sibling* Difficult (vs. Single) 0.55 (0.07, 1.03) 5.06 .025

Note. ADHD, Attention-Deficit/Hyperactivity Disorder, TD, typically developing youths, CI, confidence

interval; β, regression coefficient estimates
† after controlling for gender, age, Full-scale IQ, co-morbid conditions, the symptoms of inattentive,

hyperactivity, and impulsivity as measured by the CPRS-R:S, and parental education levels.

doi:10.1371/journal.pone.0127157.t004
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analyses, the results showed that the severity of inattentive symptoms in ADHD was associated
with the magnitude of absolute discrepancy errors on the time reproduction dual task difficult
version.

Although impulsive behaviors are essential symptoms of ADHD [23], past studies did not
consistently show that ADHD youths had a tendency to overestimate verbal estimations [15].
In the current study with a large sample adjusted for several confounding factors, we found
that ADHD youths tended to overestimate and made more errors of estimation in verbal esti-
mations at 5–17 seconds than did unaffected siblings and TD youths. As a result, there is no ev-
idence to support the hypothesis that verbal estimation of time could be considered as a
potential endophenotype of ADHD.

Our finding that accuracy coefficients on verbal estimation were not impacted by the length
of intervals, but that accuracy coefficients on time reproduction dual tasks decreased as the
length of intervals increased suggested that time reproduction might have a different timing
process compared to verbal estimation. One possible explanation would be that, in verbal esti-
mation, participants transformed the monitored duration into the subjective timing unit with
verbal labels [35]; however, in time reproduction, participants needed to encode, store and rep-
resent the temporal information for a longer period of time [35]. As the length of intervals in-
creased, more temporal information needed to be processed by attention resources, and less
accuracy was shown by all participants on both versions of the time reproduction dual tasks.

In terms of absolute discrepancy errors, we found that ADHD probands and unaffected sib-
ling performed worse as the length of the interval increased [9]. The time reproduction dual
tasks design has demonstrated that attention capacity and allocation may be the critical pro-
cesses in the precision of time reproduction [21, 27]. Most importantly, in our prior study
using two versions of the time reproduction dual task, the more demanding the non-temporal
task in which participants needed to count the number of digits, the fewer the attention re-
sources that were allocated to temporal information processing, and the worse the precise per-
formance in time reproduction tasks, especially in probands with ADHD [21] and their
unaffected siblings. As attention is needed to decode and to process the information for timing
in time reproduction [36], poor performance in time reproduction by ADHD probands and
their unaffected siblings may be associated with limited attention capacity [21]. To this end,
our finding lends evidence to support the hypothesis that limited attention capacity as assessed
by the time reproduction dual task may be a potential cognitive endophenotype for ADHD.

The time reproduction dual task requires great attention capacity [21], and prior studies
showed that symptoms of inattention were associated with a deficit in executive function in
ADHD, including performance in attention tasks [37]. In line with the findings of prior studies,
it is therefore reasonable to assume that performance on the time reproduction dual task
would be associated with the severity of inattention symptoms in ADHD as shown in the cur-
rent study.

Limitations
There are some major methodological limitations to the current study. First, the clinic-based
sample of ADHD probands may introduce selection bias and our findings may not be able to
be generalized to community-based samples. Second, the ratio of gender in unaffected siblings
was significantly different from the gender ratio in ADHD probands and TD youths. This
made generalization of our results questionable; however, gender did not have an effect on the
performance on the time perception tasks in all participants (S5 Table), and gender was one of
the covariates in our statistical results. This suggested that gender was independent of limited
attention capacity in time reproduction as a candidate endophenotype for ADHD. Third, we
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did not have a specific recruitment strategy for age, gender, or co-morbidity, so that the clinic-
based sample of adolescents with ADHD demonstrated clinical heterogeneity. We did carefully
include age, gender, co-morbid psychiatric conditions, parental education, and full-scale IQ as
covariates in the statistical model and found robust group differences which increased as the
levels of task demands increased.

Conclusions
Several studies have shown ADHD to be associated with deficits in different timing functions
in seconds [15], and Rommelse et al. [9] suggested that time reproduction might be a candidate
endophenotype for ADHD. The current study clearly provided evidence to support the idea
that deficits in attention allocation may offer a suitable explanation for ADHD time reproduc-
tion problems, and limited attention capacity as assessed by the time reproduction dual task
with different time intervals and levels of difficulty on non-temporal tasks may be a candidate
endophenotype for ADHD. A speeded-up internal clock as assessed by verbal estimation of
time was associated with the ADHD diagnosis itself as a state marker, rather than a trait marker
for this disorder. The clinical implication of our findings is that extra assistance and education-
al intervention are needed not only for youths with ADHD, but also for their unaffected sib-
lings, particularly when they are assigned to do complex tasks with their limited attention
capacity. To better understand the relationship between attention allocation and its underlying
mechanisms related to genetic etiology of ADHD, we are planning a study which will integrate
genetic, neuropsychological, and neuroimaging data.

Supporting Information
S1 Fig. The diagrams for the temporal stimuli of all the time perception tasks.
(DOCX)

S1 Table. Psychopathology of youths with ADHD, unaffected siblings and TD youths.
(DOC)

S2 Table. The Accuracy of the Non-Temporal Tasks of the Time Reproduction Dual Tasks.
(DOC)

S3 Table. The correlations between ADHD symptoms and time perception tasks in the ab-
solute discrepancy score/in the accuracy coefficient scores.
(DOCX)

S4 Table. The regression analyses for ADHD symptoms as predictors and time reproduc-
tion dual task (difficult) as the dependent variables in the absolute discrepancy score.
(DOCX)

S5 Table. Gender and interval length effect in verbal estimation and time reproduction
tasks.
(DOCX)

Author Contributions
Conceived and designed the experiments: SSG SLHG. Performed the experiments: SLHG SSG.
Analyzed the data: SLHG SSG. Contributed reagents/materials/analysis tools: SLHG SSG.
Wrote the paper: SLHG SSG.

Time Reproduction as ADHD Endophenotype

PLOS ONE | DOI:10.1371/journal.pone.0127157 May 18, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127157.s006


References
1. Lin YJ, ChenWJ, Gau SS (2014) Neuropsychological functions among adolescents with persistent,

subsyndromal and remitted attention-deficit/hyperactivity disorder. Psychol Med 44:1765–77. doi: 10.
1017/S0033291713002390 PMID: 24074179

2. Elia J, Capasso M, Zaheer Z, Lantieri F, Ambrosini P, Berrettini W, et al. (2009) Candidate gene analy-
sis in an on-going genome-wide association study of attention-deficit hyperactivity disorder: suggestive
association signals in ADRA1A. Psychiatr Genet 19:134–141. doi: 10.1097/YPG.0b013e32832a5043
PMID: 19352218

3. Buitelaar JK (2005) ADHD: strategies to unravel its genetic architecture. J Neural Transm Suppl
69:1–17. PMID: 16355600

4. Gottesman II, Gould TD (2003) The endophenotype concept in psychiatry: etymology and strategic in-
tentions. Am J Psychiatry 160: 636–645. PMID: 12668349

5. Rommelse NN, Arias-Vásquez A, Altink ME, Buschgens CJ, Fliers E, Asherson P, et al. (2008) Neuro-
psychological endophenotype approach to genome-wide linkage analysis identifies susceptibility loci
for ADHD on 2q21.1 and 13q12.11. Am J HumGenet 83:99–105. doi: 10.1016/j.ajhg.2008.06.006
PMID: 18599010

6. Gau SS, Shang CY (2010) Executive functions as endophenotypes in ADHD: evidence from the Cam-
bridge Neuropsychological Test Battery (CANTAB). J Child Psychol Psychiatry 51:838–849. doi: 10.
1111/j.1469-7610.2010.02215.x PMID: 20085608

7. Shang CY, Gau SS (2011) Visual memory as a potential cognitive endophenotype of attention deficit
hyperactivity disorder. Psychol Med 41: 2603–2614. doi: 10.1017/S0033291711000857 PMID:
21733210

8. Crosbie J, Pérusse D, Barr CL, Schachar RJ (2008) Validating psychiatric endophenotypes: inhibitory
control and attention deficit hyperactivity disorder. Neurosci Biobehav Rev 32: 40–55. PMID:
17976721

9. Rommelse NN, Oosterlaan J, Buitelaar J, Faraone SV, Sergeant JA (2007) Time reproduction in chil-
dren with ADHD and their nonaffected siblings. J Am Acad Child Adolesc Psychiatry 46: 582–590.
PMID: 17450049

10. Himpel S, Banaschewski T, Grüttner A, Becker A, Heise A, Uebel H, et al. (2009) Duration discrimina-
tion in the range of milliseconds and seconds in children with ADHD and their unaffected siblings. Psy-
chol Med 39:1745–1751. doi: 10.1017/S003329170900542X PMID: 19265568

11. Barkley RA, Koplowitz S, Anderson T, McMurray MB (1997) Sense of time in children with ADHD: ef-
fects of duration, distraction, and stimulant medication. J Int Neuropsychol Soc 3: 359–369. PMID:
9260445

12. Barkley RA, Edwards G, Laneri M, Fletcher K, Metevia L (2001) Executive functioning, temporal dis-
counting, and sense of time in adolescents with attention deficit hyperactivity disorder (ADHD) and op-
positional defiant disorder (ODD). J Abnorm Child Psychol 29: 541–556. PMID: 11761287

13. Bauermeister JJ, Barkley RA, Martinez JV, Cumba E, Ramirez RR, Reina G, et al. (2005) Time estima-
tion and performance on reproduction tasks in subtypes of children with attention deficit hyperactivity
disorder. Journal of clinical child and adolescent psychology. J Clin Child Adolesc Psychol
34:151–162. PMID: 15677289

14. Smith A, Taylor E, Rogers JW, Newman S, Rubia K (2002) Evidence for a pure time perception deficit
in children with ADHD. J Child Psychol Psychiatry 43: 529–542. PMID: 12030598

15. Toplak ME, Dockstader C, Tannock R (2006) Temporal information processing in ADHD: findings to
date and new methods. J Neurosci Methods 151:15–29. PMID: 16378641

16. Hurks PP, Hendriksen JG (2011) Retrospective and prospective time deficits in childhood ADHD: The
effects of task modality, duration, and symptom dimensions. Child Neuropsychol 17: 34–50. doi: 10.
1080/09297049.2010.514403 PMID: 20936546

17. Papagno C, Allegra A, Cardaci M (2004) Time estimation in Alzheimer's disease and the role of the cen-
tral executive. Brain Cogn 54:18–23. PMID: 14733896

18. Zakay D (1989) Subjective time and attentional resource allocation: An integrated model of time estima-
tion. In Levin I, Zakay D, editors. Time and human cognition: A life-span perspective. New York: Else-
vier Science Pub. Co. pp. 365–397.

19. Penton-Voak IS, Edwards H, Percival A, Wearden JH (1996) Speeding up an internal clock in humans?
Effects of click trains on subjective duration. J Exp Psychol Anim Behav Process 22:307–320. PMID:
8691161

20. Wearden JH (2008) Slowing down an internal clock: implications for accounts of performance on four
timing tasks. Q J Exp Psychol (Hove) 61: 263–274. PMID: 17853194

Time Reproduction as ADHD Endophenotype

PLOS ONE | DOI:10.1371/journal.pone.0127157 May 18, 2015 15 / 16

http://dx.doi.org/10.1017/S0033291713002390
http://dx.doi.org/10.1017/S0033291713002390
http://www.ncbi.nlm.nih.gov/pubmed/24074179
http://dx.doi.org/10.1097/YPG.0b013e32832a5043
http://www.ncbi.nlm.nih.gov/pubmed/19352218
http://www.ncbi.nlm.nih.gov/pubmed/16355600
http://www.ncbi.nlm.nih.gov/pubmed/12668349
http://dx.doi.org/10.1016/j.ajhg.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18599010
http://dx.doi.org/10.1111/j.1469-7610.2010.02215.x
http://dx.doi.org/10.1111/j.1469-7610.2010.02215.x
http://www.ncbi.nlm.nih.gov/pubmed/20085608
http://dx.doi.org/10.1017/S0033291711000857
http://www.ncbi.nlm.nih.gov/pubmed/21733210
http://www.ncbi.nlm.nih.gov/pubmed/17976721
http://www.ncbi.nlm.nih.gov/pubmed/17450049
http://dx.doi.org/10.1017/S003329170900542X
http://www.ncbi.nlm.nih.gov/pubmed/19265568
http://www.ncbi.nlm.nih.gov/pubmed/9260445
http://www.ncbi.nlm.nih.gov/pubmed/11761287
http://www.ncbi.nlm.nih.gov/pubmed/15677289
http://www.ncbi.nlm.nih.gov/pubmed/12030598
http://www.ncbi.nlm.nih.gov/pubmed/16378641
http://dx.doi.org/10.1080/09297049.2010.514403
http://dx.doi.org/10.1080/09297049.2010.514403
http://www.ncbi.nlm.nih.gov/pubmed/20936546
http://www.ncbi.nlm.nih.gov/pubmed/14733896
http://www.ncbi.nlm.nih.gov/pubmed/8691161
http://www.ncbi.nlm.nih.gov/pubmed/17853194


21. Hwang SL, Gau SS, HsuWY,Wu YY (2010) Deficits in interval timing measured by the dual-task para-
digm among children and adolescents with attention-deficit/hyperactivity disorder. J Child Psychol Psy-
chiatry 51: 223–232. doi: 10.1111/j.1469-7610.2009.02163.x PMID: 19754502

22. MeckWH (2005) Neuropsychology of timing and time perception. Brain Cogn 58:1–8. PMID:
15878722

23. Rubia K, Halari R, Christakou A, Taylor E (2009) Impulsiveness as a timing disturbance: neurocognitive
abnormalities in attention-deficit hyperactivity disorder during temporal processes and normalization
with methylphenidate. Philos Trans R Soc Lond B Biol Sci 364:1919–1931. doi: 10.1098/rstb.2009.
0014 PMID: 19487194

24. McInerney RJ, Kerns KA (2003) Time reproduction in children with ADHD: motivation matters. Child
Neuropsychol 9:91–108. PMID: 12815512

25. Sonuga-Barke EJ, Saxton T, Hall M (1998) The role of interval underestimation in hyperactive children's
failure to suppress responses over time. Behav Brain Res 94:45–50. PMID: 9708838

26. Ogden RS, Salominaite E, Jones LA, Fisk JE, Montgomery C (2011) The role of executive functions in
human prospective interval timing. Acta Psychol 137:352–358. doi: 10.1016/j.actpsy.2011.04.004
PMID: 21561595

27. Brown SW (1997) Attentional resources in timing: interference effects in concurrent temporal and non-
temporal working memory tasks. Percept Psychophys 59:1118–1140. PMID: 9360484

28. Brown SW (2006) Timing and executive function: bidirectional interference between concurrent tempo-
ral production and randomization tasks. Mem Cogn 34:1464–1471.

29. Gau SS, ChongMY, Chen TH, Cheng AT (2005) A 3-year panel study of mental disorders among ado-
lescents in Taiwan. Am J Psychiatry 162:1344–1350. PMID: 15994718

30. Gau SS, Lin YJ, Cheng AT, Chiu YN, Tsai WC, SoongWT (2010b) Psychopathology and symptom re-
mission at adolescence among children with attention-deficit-hyperactivity disorder. Aust N Z J Psychi-
atry 44:323–332. doi: 10.3109/00048670903487233 PMID: 20307165

31. Gau SS, Chiang HL (2009) Sleep problems and disorders among adolescents with persistent and sub-
threshold attention-deficit/hyperactivity disorders. Sleep 32:671–679. PMID: 19480234

32. Gau SS, SoongWT, Chiu YN, Tsai WC (2006) Psychometric properties of the Chinese version of the
Conners’ Parent and Teacher Rating Scales-Revised: Short Form. J Atten Disord 9:648–659. PMID:
16648232

33. Cohen J (1998) Statistical power analysis for the behavioral sciences 2nd ed. Hillsdale, New Jersey:
Lawrence Erlbaum Associates.

34. Sergeant J, van der Meere J (1990) Additive factor method applied to psychopathology with special ref-
erence to childhood hyperactivity. Acta Psychol 74:277–295. PMID: 2251931

35. Ogden RS, Wearden JH, Montgomery C (2014) The differential contribution of excutive functions to
temporal generalisation, reproduction and verbal estimation. Acta Psychol 152:84–94. doi: 10.1016/j.
actpsy.2014.07.014 PMID: 25146598

36. Hicks RE, Miller GW, Kinsbourne M (1976) Prospective and retrospective judgments of time as a func-
tion of amount of information processed. Am J Psychol 89:719–730. PMID: 1020767

37. Chhabildas N, Pennington BF, Willcutt EG (2001) Acomparison of the neuropsychological profiles of
the DSM-IV subtypes of ADHD. J Abnorm Child Psychol 29:529–540. PMID: 11761286

Time Reproduction as ADHD Endophenotype

PLOS ONE | DOI:10.1371/journal.pone.0127157 May 18, 2015 16 / 16

http://dx.doi.org/10.1111/j.1469-7610.2009.02163.x
http://www.ncbi.nlm.nih.gov/pubmed/19754502
http://www.ncbi.nlm.nih.gov/pubmed/15878722
http://dx.doi.org/10.1098/rstb.2009.0014
http://dx.doi.org/10.1098/rstb.2009.0014
http://www.ncbi.nlm.nih.gov/pubmed/19487194
http://www.ncbi.nlm.nih.gov/pubmed/12815512
http://www.ncbi.nlm.nih.gov/pubmed/9708838
http://dx.doi.org/10.1016/j.actpsy.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21561595
http://www.ncbi.nlm.nih.gov/pubmed/9360484
http://www.ncbi.nlm.nih.gov/pubmed/15994718
http://dx.doi.org/10.3109/00048670903487233
http://www.ncbi.nlm.nih.gov/pubmed/20307165
http://www.ncbi.nlm.nih.gov/pubmed/19480234
http://www.ncbi.nlm.nih.gov/pubmed/16648232
http://www.ncbi.nlm.nih.gov/pubmed/2251931
http://dx.doi.org/10.1016/j.actpsy.2014.07.014
http://dx.doi.org/10.1016/j.actpsy.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25146598
http://www.ncbi.nlm.nih.gov/pubmed/1020767
http://www.ncbi.nlm.nih.gov/pubmed/11761286

