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Abstract: Time perception is impaired in adult ADHD. Since the term time perception subsumes
different constructs, including time estimation, time reproduction, time production, and duration
discrimination, it remains open whether certain domains are more affected than other domains in
adult ADHD. The aim of this explorative review is to present the current state of research on time
perception in adult ADHD by analysing studies from the past 10 years. A review of the literature
addressing adult ADHD time perception, time estimation, and time reproduction was performed. The
search strategy was conducted by using the databases “PubMed”, “Medline”, and “PSYNDEX”". The
results of the present review indicate that the number of studies on time perception in adult ADHD
is very scarce. Moreover, the main investigated domains of time perception in the past decade were
time estimation, time reproduction and time management. Whereas some of the found studies were
able to demonstrate a distinct deficit in time estimation, time reproduction and time management
other studies were unable to demonstrate a clear association between ADHD and time estimation and
time reproduction deficits. However, the diagnostic protocols, study design, and methodology varied
between studies. Further studies on time estimation and time reproduction need to be carried out.

Keywords: adult ADHD; time perception; time estimation; time reproduction; time management;
duration discrimination; narrative review

1. Introduction

Attention deficit/hyperactivity disorder (ADHD) is a mental disorder in children and
adolescents and can persist into adulthood [1,2]. It is characterised by developmentally
inappropriate inattention, motor hyperactivity, and impulsivity, with difficulties in all
areas of daily life [3-6]. Longitudinal studies were able to show that these figures increase
up to 78% if the patients with partially remitted symptoms were also included [7,8]. In
an international examination of the prevalence of adult ADHD, an analysis of the WHO
World Mental Health Survey in 20 countries reports a prevalence of 2.8% [9,10]. In an
analysis of meta-analyses of the last 15 years that was conducted by the World Federation
of ADHD, the worldwide prevalence of ADHD ranged from 2.2% to 5.9%. The prevalence
of adult ADHD in Germany is approximately 3.1%, with a sex ratio reported between
2:1 (male/female) and 1.6:1 [1,10-12]. About 50%-60% of children also suffer from the
symptoms of ADHD in adulthood [9]

However, studies have identified various aetiology factors [3,13,14]. These include
genetic and environmental factors like smoking during pregnancy, stress, infection, poverty,
trauma, and exposure to toxicants [15-20] that can lead to changes in brain structure, cate-
cholaminergic neurotransmission, and to specific symptoms like inhibitory and attentional
deficits [21-27]. Recent studies have demonstrated that ADHD is associated with various
cognitive dysfunctions and structural changes [6,28-31]. A study on the neuropsychological
domains showed that patients with ADHD had deficits in sustained attention, working
memory, variability of reaction times, and delay aversion [32]. Furthermore, there is a
higher inter-individual variability in cognitive domains, and up to 70% report more than

Int. ]. Environ. Res. Public Health 2023, 20, 3098. https:/ /doi.org/10.3390/ijerph20043098

https:/ /www.mdpi.com/journal/ijerph


https://doi.org/10.3390/ijerph20043098
https://doi.org/10.3390/ijerph20043098
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://doi.org/10.3390/ijerph20043098
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph20043098?type=check_update&version=1

Int. |. Environ. Res. Public Health 2023, 20, 3098 20of 18

one affected cognitive domain [33]. Similarly, from a clinical perspective, a problem in
the neuropsychology of ADHD is that there are no standard neuropsychological models
for ADHD in adulthood. An early assumption on the aetiology of the cognitive deficits
postulates that the symptomatology arises due to a lack of behavioural inhibition, which
in turn leads to executive problems in patients [34-36]. Considering a single domain is
not sufficient and additional studies could show heterogeneity in terms of cognitive dys-
function in ADHD. In this context, multi-deficit models now dominate [37]. In contrast,
the dual-pathway model refers to deficits in cognitive inhibition and motivational factors
as the basis of neuropsychological heterogeneity in ADHD [37,38]. However, this model
was upgraded to a Triple-Pathway Model and identifies the changes in time perception
as an additional neuropsychological dimension of ADHD [39]. Moreover, studies inves-
tigated the biological pathways and the related symptoms of children and adolescents.
The studies demonstrated separable cognitive components, including deficits in cognitive
control, reward processing, and timing deficits [40]. Those results converge the findings of
Sonuga-Barke regarding a timing deficit in ADHD.

In the consideration of time or the perception of time, early neuropsychological studies
demonstrated that time is often perceived as a “flow” and “time” is of an essential role in
functions such as walking, music, sports, or the day—night rhythm in everyday life [41,42].
Since time or the “flow of time” is never perceived “directly” but by changes within an
individual reference system, the human organism needs an internal subjective time system
to measure “objective time” without the assistance of external cues [43,44]. In the literature,
three different timing concepts are postulated—*circadian timing”, “interval timing”, and
“milli-second timing”. Circadian timing, also known as the internal clock, has the function
of regulating periodic bodily functions such as temperature, blood pressure, neurophysio-
logical and physiological activity levels in a 24-h cycle. The nucleus suprachiasmatic, which
is located in the ventral hypothalamus, has been identified as the neuroanatomical correlate
of the internal clock which synchronises with the input of daylight and the neurotransmitter
melatonin 24-h rhythm in mammals [45].

Interval timing is characterised as the organism’s ability to track the passage of time
in the seconds to minutes range. Interval timing is involved in decision-making and
conscious time estimation, whereas the perception of the milliseconds is important for
motor processes, speech, and music perception [43,44]. The perception and the decision-
making of time intervals, as well as cognitive processes, are closely interconnected. This was
also shown in early studies concerning animal and human time perception and brain lesions
studies. It was demonstrated that the cerebellum, the basal ganglia, the hippocampus,
and the prefrontal cortex are crucial for the perception of time [46-49]. Furthermore,
research indicates that thalamo-corticalstriatal circuits are activated during timing tasks.
These circuits include the structures of the basal ganglia, the prefrontal cortex, and the
posterior parietal cortex [50,51]. Functional MRI studies in adult ADHD showed decreased
activity in the temporo-occipital and prefrontal cortices, which are responsible for time and
memory processing [52-54]. It is supposed that a central timer is located in the cerebellum,
whereas the prefrontal cortex mediates the planning abilities, operating the perception
of intervals [55,56].

Therefore, time perception is a multidimensional structure that encompasses different
cognitive and neuropsychological functions. These functions can be affected in adult
ADHD. Hence, research on time perception in adult ADHD needs to be analysed in more
detail. Previous research assumes that different domains are affected in the context of
timing in ADHD. These are the temporal organization of motor behaviour (motor timing),
the ability to estimate time intervals (perceptual timing), and the ability to anticipate the
consequences of a decision (temporal foresight) [57]. Thus, different types of methods are
used to investigate the perception of time, which are described in the basic literature. These
are time estimation tasks, time production tasks, time reproduction tasks, and duration
discrimination tasks. The ability to estimate time is of clinical relevance because it is one of
the most important neuropsychological functions on which many daily activities depend.
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Time estimation (TE) involves estimating the duration of a completed (retrospective) or an
upcoming interval or period (prospective) in order to make decisions. In ADHD, this ability
is also of importance in everyday tasks such as scheduling, planning activities, and in
social interactions. The patients often show deficits in this area. Thus, time deficits become
critical when patients return home from a clinical setting or when they start/restart work.
As time estimation affects other cognitive domains that are impaired in ADHD, it is even
more important to identify the exact mechanisms to derive and develop therapeutic tools
that can support the affected patients. Time reproduction (TR) refers to the reproduction
of a time interval. The constructs of TE and TR are artificially separated, but they should
always be considered together when evaluating results. TR tasks require participants to
reproduce longer time intervals (2—40 s) [57], and a differentiation between retrospective
and prospective time perception tasks has to be made Nevertheless, it can be assumed
that TE refers to the estimation of the duration between two events and TR refers to
the reproduction of the duration between two events. From a clinical perspective, it is
apparent that this ability could also play a role in the planning ability of patients with
ADHD. From a clinical perspective, the question remains as to why patients are noticeably
late for appointments and whether a deficit in time reproduction, memory processes, or
another cognitive domain might be responsible for this. Moreover, motor timing tasks
often examine the performance of participants in the short-second range by using tasks
like a tapping task [58,59]. TR tasks require participants to reproduce longer time intervals
(240 s) [57] and a differentiation between retrospective and prospective time perception
tasks has to be made [59]. In time production experiments, the participants produce short or
long time intervals. [41,42]. These tasks demand different cognitive and neuropsychological
abilities than in TR and TE. Furthermore, studies also explore time management. Time
management is probably one of the most discussed topics in psychology. Patients with
ADHD often report problems with time management. This problem can interfere with the
treatment of ADHD (e.g., tardiness, neglect, or failure to do given tasks). According to
Claessens et al. (2007), time management is defined as behaviour that uses time effectively
and economically in specific activities. Therefore, time management is closely related
to work, academic success, job satisfaction, and to stress in ADHD [60]. However, time
management is also a multidimensional construct which not only includes abilities like
concentration and memory but also the whole spectrum of executive functions. Therefore, it
can be seen as a complex structure in the context of time perception, and since this involves
abilities that are deficient in ADHD, it is not surprising that patients with ADHD report
problems in this area.

When considering studies on time perception in ADHD, it has to be stated that the
results are heterogeneous due to a lack of the studies in this field of research. Studies
concerning time perception in ADHD often have mixed results because differences in
children, adolescents, and adults must be taken into account. In addition, various factors
(e.g., symptomatology, comorbidities) play an important role in the assessment and in-
terpretation of the studies. This makes a general interpretation and evaluation of time
perception in ADHD complex. Nevertheless, recent meta-analyses on children with ADHD
demonstrate that deficits in time perception are detectable [61,62]. A longitudinal study
observed 158 children with ADHD over a period of more than 20 years. Different neuropsy-
chological domains, including time perception, were examined over a course of 20 years.
The results showed that children with ADHD made more errors in time reproduction. This
factor remained stable into adulthood [63]. At this point, it remains unclear as to whether
these results can also be applied to adult ADHD. However, an impaired time perception
ability is of relevance for adult ADHD. To mention a few early studies in the area of re-
search on time perception in adult ADHD, those studies have shown that ADHD patients
have significant difficulties with reproduction and estimation of time intervals [64—66].
A seminal, early study also found that adult patients with ADHD have problems in the
reproduction of time interval [67]. In a further, early translational study, time discrimination
ability and time reproduction ability in children with ADHD, in children with dyslexia,
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and in adolescents with ADHD was investigated. Children and adolescents showed a
deficit in time discrimination, which was reflected in the precision of the responses and
in greater inter-individual variability [68]. A meta-analysis of studies with children with
ADHD examined data from 11 fMRI studies with a total of 150 adult ADHD patients and
145 healthy controls. The results show consistent and replicable deficits in the brain areas
closely associated with timing. These include the cerebellum, left inferior prefrontal cortex,
and left inferior parietal lobes. Furthermore, areas are activated that are related to problems
with the deactivation of the default mode network (precuneus, posterior cingulate). The
findings also show that a long-term medication in adult ADHD could have an essential
influence on the functionality of the right dorsolateral prefrontal cortex (DLPFC). The
meta-analysis also shows that the inferior prefrontal cortex, together with the insula, plays
a role in subsecond and suprasecond motor and perceptual timing. In addition to that,
the results highlight the role of the cerebellum in temporal predictions, with the medial
cerebellum being involved in visual timing. Interestingly, the meta-analysis did not show a
deficit in the basal ganglia [69].

However, it remains unclear whether there is a specific domain of time perception that
might be more affected in adult ADHD (e.g., time estimation). In addition, the subdomains
of time perception also require different neuropsychological capacities. Thus, it remains un-
clear whether the neuropsychological deficits and/or the symptomatology also contribute
to time perception abilities in adult ADHD. In addition, a possible methodological impact
should be considered in all studies of time perception in ADHD. Finally, potential changes
in time perception in the transition from childhood to adulthood need to be considered.
Therefore, the focus of this review was on adults, as there is less research on time percep-
tion compared to children with ADHD. In addition, there is no review that focused on
the domains of time perception in adult ADHD. This implies a structured presentation
of the research on time perception in adult ADHD. Moreover, there is also a diversity
of methods in the field of time perception assessments in ADHD, because there are no
validated and standardized time perception assessments available. Therefore, the scope of
this explorative review was to describe the methodology (target (e.g., time estimation) aim,
design, outcome) and issues in the context of time perception in adult patients with ADHD.
Nevertheless, it remains unclear whether adult patients with ADHD have a general deficit
in the described domains of time perception or whether this effect is influenced by cognitive
deficits in adult ADHD. Thus, the aim of this explorative review is purposely limited to
present the current state of research on time perception in adult ADHD by analysing studies
from the past 10 years.

2. Methods: Literature Search

The rationale of the study was to present the current state of research on time percep-
tion in ADHD with a focus on the approach (e.g., time estimation, time reproduction), the
methodology (e.g., timing task, interval timing), and the outcome. An explorative review
was conducted. Here, a structured review of the literature addressing adult ADHD and
time perception was performed. The review examines the domains of time perception in
adult ADHD. It employs a narrative explorative structured method with the following
search criteria, which were derived from literature: The search strategy was conducted by
using the databases “Pubmed”, “medline”, and “PSYNDEX”. The mentioned databases
were searched from January 2022 to October 2022. The following search terms were defined:

v V/a7i

“adult ADHD”, “attention deficit hyperactivity disorder”, “adults”, “time”, “timing”, “tim-

i Vs /A7 /A7 Zai

ing deficit”, “time deficit”, “temporality”, “time perception”, “time estimation”, “time
reproduction”, “time production”, “duration discrimination”, “time management”, and
“time processing”. Moreover, “and” was defined as boolean operators (see Supplementary
Online Material.

In addition, according to the literature, the following variables were derived and
defined as inclusion criteria for the present review: firstly, papers had to be written in

English or German and had to be listed in the databases “PubMed”, “Medline”, and
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“PSYNDEX". Secondly, original research articles, clinical trials, and meta-analyses were
included in the present review. Thirdly, a period from 2012-2022 was defined as the
range for the literature search. Further, adults with ADHD (>18 years) with a primary
diagnosis of ADHD according to DSM-IV, DSM-5, or ICD-10 were included. Neither ADHD
subtype presentation, gender/sex, comorbidities, nor IQ restricted the search strategy. The
following exclusion criteria were derived from the literature and defined for the present
review: studies not including ADHD and time perception as described under inclusion
criteria, studies including only children and adolescents, publications not subject to peer
review, non-English or German papers, case studies, reviews, studies describing only
psychiatric comorbidities, and pharmacological trials and studies older than 10 years.
The results are described in a descriptive table according to the applied study design. In
addition, if effect sizes were not reported in the original paper, effects sizes were calculated
when possible by using Cohen’s d (small effects (d < 0.2), medium effects (d > 0.5), and
large effects (d > 0.8)) [70].

3. Results

After removing duplicates and studies published prior to 2012, all studies were
screened by title and abstract, excluding papers that clearly did not fulfil the inclusion
criteria. Furthermore, reference lists of the retrieved papers were hand-searched to identify
additional relevant articles. Other papers of interest found in the manual search published
January 2012 to December 2022 were also included. In total, n = 535 papers were assessed
in full text. After checking for inclusion and exclusion criteria, only n = 9 articles were
included (see Figure 1). However, there was a profound variation in the characteristics of
the study samples of the reviewed articles (e.g., medication use, comorbid disorders, control
conditions, sample size), the type of functions assessed, the availability of outcome statistics,
the type of neuropsychological tests applied, and the statistical comparisons performed.
Therefore, it was deemed unjustified to compare effect sizes across the found studies.

A first finding reveals that in all studies surveyed, the term “time perception” is
equated on the one hand with time estimation and duration discrimination and on the
other hand with time reproduction, time processing, and time production. The results
show that the number of studies in the field of time perception in ADHD in the past
10 years is very scarce. A range of different time perception concepts were employed in
connection with ADHD in adults. Moreover, the diagnostic protocols and quality of the
clinical assessments of ADHD varied between studies. Nevertheless, these terms imply
different constructs in the research of time perception in ADHD and hence require to be
described, interpreted, and evaluated separately from one another. Due to the limited
number of studies on the topic of time perception, studies are presented according to the
hypotheses, the sample, the method, and the results (see Table 1). In addition, due to the
limited number of studies found on the subject, these studies will be analysed in more
detail (see above).

Taken together, three studies used behavioural design, three studies used imaging
techniques, one EEG study was available, and one RCT was conducted to investigate time
perception in ADHD. In the analysis of methodology and design, all studies showed a
sufficient level of evidence regarding the applied methodology. Only one study did not
have a control group, whereby this limitation was compensated by a crossover design.
Four studies investigated time estimation, four studies investigated time estimation, and
one study investigated time management.
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Table 1. Sample characteristics and results of reviewed studies (n = 9).
Study Target Aim Sample Age (Mean, SD) Design Outcome Effect Sizes
Behavioural data:
time estimation error: n.s.
N =21 (ADHD Behavioural desien: absolute difference distractor vs. non-distractor: (p = 0.032)
cor;bined subt}llpe' ADHD: estimate intervalsg 1.—6 s; Within—groug effect distractor ADHD < Controls (p = 0.003)
Time impact of distractors on 10 female) m = 36.48 (6.90) In 50% of the trial’s ;/I\}t}?(ilaeciii :Srtl;aldsoi;vs. group: n.s. d=042
Pretus et al. o brain activity and N = 24 (healthy Healthy controls: presentation of a distractor . yoIs: d=0.66
estimation, . R Distractor vs baseline
2020 [71] EMRI performance in a controls, 12 female) m = 34.33 (7.73) (Moving element) ADHD > Controls: bilateral . bitofrontal activati d=0.97
time-estimation task ADHD Patients met Range = 19-50 Measures (p = 0.019) ontrofs: briateral superior orbitotrontal acivation 4 _ 4 35
DSM-1V criteria (whole sample) fMRI (ROI): ACC, DLPEC P= d baseline ADHD st
No comorbidity ANOVA. T-test Non-distractor vs baseline < Controls:
! ADHD decreased activation right pre-central, post-central
(p = 0.027); bilateral supplementary motor area (p = 0.005).
ROI analyses ACC and DLPFC: n.s.
Behavioural data:
Experimental vs. control; ADHD > Controls
Absolute error (AE):
1s (p <0.002) d=0.51
4 (p=0.001) d=0.62
7 s (p < 0.002) d=09%
9s(p=0.02) d=0.86
crossover experiment Experimental vs. control, ADHD > Controls d=0.86
visual time-estimation task: Relative error (RE): d=061
. 1s (p <0.001) d=09%
Exposure to a time 1s,45s,7s,9srandomly B
S 4 s (p <0.0001) d=0.82
estimation task presented 7 (p < 0.001) OR =38
Tim modulates theta band N =24 (ADHD; experimental condition: 9 (P < 0' 001) (CI B 3 4 _43)
Fontes et al. e activity in the DLPFC 16 male, 6 female) ADHD: m =23 (1.4) 30 days exposure to s <P T
estimation, R . . . ADHD < Controls OR =33
2020 [72] and the VLPFC. ADHD patients met Range = 20-30 time-estimation tasks . . .
EEG o Regression analysis Absolute/Relative Error vs. (CI1=29-3.7)
Exposure leads to a ICD-10 criteria plus EEG each week . f
decline in symptoms in control conditions: 1o Experimental/control p < 0.0001 for 7s,9 s (AE) and 7 s, OR=12
adult ADHD exposure to time . 9s (RE) (CI=16-2.2)
e ek ADHD < Controls OR =45
X EEG Data: (CI=1.4-1.5)
measure: RMANOVA RMANOVA shows interaction for conditions, cortical areas, 12 =0.13
and visits (p < 0.001) n2=0.22
Interaction analyses: n2=0.10
conditions and visits (p < 0.001) n2=0.30
conditions and cortical areas (p < 0.001) d=0.20

visits, and cortical areas (p < 0.0001).
theta band right DLPFC and VLPEC increased with thirty

days of time-estimation task exposure, ADHD>HC (p < 0.05).




Int. |. Environ. Res. Public Health 2023, 20, 3098

7 0f 18

Table 1. Cont.

Study Target Aim Sample Age (Mean, SD) Design Outcome Effect Sizes
Neuropsychological test
ADHD: m =35.6 battery (EF, delay
Mostert Time Neuropsychological N o: 116 (adult ADHD  (10.40) dls.c our}tmg, time Behavioural data:
L . 42% male) range 19-63 estimation) . . D=0.14
etal. 2015 estimation performance in adult . T Median response time: n.s.
N = 126 healthy HC: m = 36.30 Time estimation interval 1s . e D=-0.30
[73] EF, reward ADHD o . . absolute median deviation: n.s.
controls 40% male) (11.75) (Median response time,
range 19-63 absolute median deviation)
Measures: ANOVA
Behavioural data:
ANOVA session-by-group interaction effect (p = 0.05)
main effect of session (p < 0.01)
group main effect (n.s.)
continuous long duration T-Test
time estimation task session-by-group interaction (unmedicated vs. controls; d =083
N = 12 (adult ADHD, € est ) Y8 : ’ D=146
T . Estimation passage of time  p = 0.04; medicated vs controls n.s.) B
gamma activity in 4 females, medi- o . PN L D=0.75
- . - ADHD: m =41.83 (1 min increments) medication time estimation accuracy (p < 0.001)

. Time cortical networks (PFC, cated /unmedicated) . . . D=0.26
Wilson et al. estimation cerebellum. basal N = 12 (health range 30-58 4 min recording period MEG Data: d=15
2013 [74] ) 4 N y HC: m =40.08 Measure: ANOVA, T-Test ANOVA e

MEG ganglia, SMA, and controls, 4 female) .. . . . d=0.71
. range 28-62 ROI: MEG gamma activity location-by-frequency-by-group three-way interaction effect
ACC) ADHD patients met . d=11
L. ACC, SMA, right/left (p <0.01)
DSM-1V Criteria . . . . d=0.73
anterior frontal cortices, frequency-by-group interaction (p < 0.01) d=12
right and left PFC location-by-group interaction (p < 0.01), o
main effect of group (p < 0.01)
post hoc t-test
unmedicated ADHD vs. controls
weaker low, mid, and high gamma activity (p = 0.01)
Time reproduction task:
eight time intervals (500 ms,  Behavioural data:
1000 ms, 2000 ms, 4000 ms, Main effect
6000 ms, 8000 ms 12,000 ms,  group (p < 0.001)
N = 32 (adult ADHD, 16,000 ms) time Interval (p < 0.001)
time repro- involvement of working 21 males, 11 females) The intervals were group x time Interval interaction effect (p < 0.001) n2 =023
Délek et al ductiorf) memory, ADHD N= 32 (healthy ADHD: m = 25.34 displayed either auditory ACS auditory TRT: both groups reproduced shorter durations 12 =0.58
2021 [75] ’ (auditor symptoms, controls, 9 males/ (6.01) with a white noise or visual  for all time intervals n2=0.15
- and Visu};l) hyperfocusing on time 23 females) HC:m =24.90(3.89) viaadisplayed red circle. ADS visual time reproduction r=0.40-0.26
reproduction ability ADHD Patients met Measures: ANOVA, Mean larger ADS for all time intervals (except for 500 and 8000 ms)  r = 0.65-0.37

DSM-5 Criteria

Absolute Discrepancy Score
(ADS), Accuracy Coefficient
Score (ACS)

Memory assessment:
2-back task

(r =0.001-0.42)

ADS auditory time reproduction task

larger ADS for all time intervals (except for 500, 1000, and
8000 ms) (p = 0.001-0.003).
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Table 1. Cont.

Study Target Aim Sample Age (Mean, SD) Design Outcome Effect Sizes
Time reproduction task Ejo};?)‘l];(t): I;lilsi‘aeta;nc : main effect of group (p = 0.009)
time reproduction N =20 (adult ADHD) seven time interval: 500 ms, ADHD < ContrcI)DIS' AyDHD _ relativesg pip=>
ability in adult ADHD; N = 20 (non-affected ADHD: m =32.2 1000 ms, 3000 ms, 6000ms, . N
. ) . . - effect of duration (p < 0.001)
Pironti et al Time repro-  examine a potential first-degree relatives)  (10.31) 12,000 ms, 18,000 ms, interaction duration vs. group (p = 0.003) d =056
2016 [76] " duction, neuroanatomical N =20 (healthy Relatives: m =38.85 24,000 ms VBM data: - group {p =1 d=0.88
VBM correlate for time controls) (15.31) Measures: ANCOVA total brain. volume and total intracranial volume n.s d=0.59
reproduction in adult ADHD Patients met HC: m =32.55 (5.8) absolute discrepancy score . . -
P pancy ] 1 11
ADHD. DSM-IV Criteria VBM ROL PFC, basal forr(e) gtgl;’“ ab%"o‘ﬁ‘; discrepancy and RO cerebellum
. r=0297,p=0.
ganglia, cerebellum other ROIs: 1.s.
Behavioural data:
Time reproduction task Time reproduction raw scores: n.s.
N =30 (adult ADHD, ADHD six time intervals: 1s,4s, 6 yzr(lazﬂé%’;)ADHch 4044
medicated) (medication): s,10s,24s,60s 4s (]!J < 0' 01) d B 0'57
Examine the association =~ N =29 (adult ADHD, m =34.73(9.08) Memory assessment: 65 (p < O. 01) d B 0' 56
Metteetal.  Time repro- between time unmedicated) ADHD Wechsler memory scale p== S
p y Other n.s d=0.46
2015 [77] duction reproduction and WM N = 32 (healthy (unmedicated): Measures: Kruskal-Wallis L . s
. coefficient of variation: ADHD>HC d=0.54
and STM. controls) m = 34.72 (10.40) H-test, ANOVA, time 1s(p<0.04) d =049
ADHD Patients met HC: m =31.28; reproduction raw scores, 4s (P < O. 01) d : 0' 48
DSM-1V Criteria (7.14) variability, coefficient of p== e
variation 65 (p <0.03)
Other n.s.
Memory: ADHD < HC (p = 0.03)
Time repro- time reproduction task
duction, seven time intervals: 2s,6's,
fime N = 38 (adult ADHD, I‘?D_HZE 3(5‘3{%’";;“;) 125,245,265, 485, 60 5
discrimina-  Examine motivational with/without reward) AD_HD (no r.ewar d) time discrimination task Behavioural data:
tion, effects of financial N =40 (health discrimination between Absolute discrepancy: ADHD < HC (p < 0.001
Marx et al y m=27.72 (6.21) pancy P
2013 [75] : inhibition, reward on cognitive controls, HC_ (re;/var dj 1000ms and 1300ms Effect of reward: n.s. n2=0.5
sustained functions in adult with/without reward) M = 25.13 (5.43) intervals Time discrimination: n.s.
attention, ADHD ADHD Patients met HC_ (n(; rewa.r d) ANCOVA, sensitivity Effect of reward: n.s
memory, DSM-1V Criteria m = 24.75 (3.63) threshold, absolute
EF, delay o ’ discrepancy, accuracy

aversion

coefficient
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Table 1. Cont.

Study Target Aim Sample Age (Mean, SD) Design Outcome Effect Sizes

Intervention: cognitive
program, training of time
management abilities

(8 weeks) Behavioural data:

Intervention effect T1-T2 (gCBT)

Examine the efficacy of N =24 (adult ADHD, LAU: pharmacologicaland A ARs CBT > TAU (p < 0.001, CI71.70-80.73) a=0o
Nakashima ~Timeman-  a group cognitive TAU, and M= 3911 (9.6 e it CGI(p<0.001, CI3.30-3.99) d-106
etal. 2021 agement, training in time intervention) (whole.sam .le) clinic p Sheehan (p < 0.001, CI 5.92-6.98) d= 0'95
[79] RCT management in adult ADHD Patients met P Three follow-ups: 2. 4 and Intervention effect T1-T4 (gCBT) d= 2' 47
ADHD DSM-IV Criteria 8 months ps: & CAARS CBT>TAU (p < 0.001, CI 0.30-1.57) d= 1:02

CGI (p <0.001 CI 1.65-3.27)

Outcome analyses: Sheehan Sheehan (p < 0.001 CI 0.37-1.66)

disability scale, the CAARS
and CGI-S
Linear mixed effects models

Note ADHD: Attention deficit hyperactivity disorder; AE: Absolute error; RE: Relative error, s: second; PFC: prefrontal cortex, ACC: anterior cingulate cortex, DLPFC: dorsolateral
prefrontal cortex, VLPFC: ventrolateral prefrontal cortex, DSM: Diagnostic and statistical manual of mental disorders; ICD-10: International classification of diseases, m: male, f: female,
n.s.: non-significant, EEG: Electroencephalography, EF: executive functions, MEG: magnetoencephalography, SMA: supplementary motor area, ADS: Mean Absolute Discrepancy Score,
ACS: Accuracy Coefficient Score, VBM: voxel-based morphometry, WM: working memory, STM: short-term memory.
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Figure 1. PRISMA flow chart article disposition.
3.1. Time Estimation in Adult ADHD

The experimental designs, approaches, and results of the found studies on time
estimation (TE) are heterogeneous. Firstly, an fMRI study investigated the impact of
distractors on brain activity and performance in a TE task in adults with ADHD [71].
The fMRI analysis showed a higher activation of the superior orbitofrontal gyrus in the
distractor condition in adult ADHD. Further, the results show that the “difference between
conditions” is a predictor of neuronal activity in the right medial frontal gyrus, the right
thalamus, and the cerebellum [71].

A further study examined the exposure to a TE task and the effect of the exposure on
the theta band activity in the dorsolateral (DLPFC) and the ventrolateral prefrontal cortex
(VLPEC) [72]. Theta waves are important in aspects of cognition and behaviour. These
include learning and memory [80]. The findings of the study indicate that the exposure for
30 days enhances the cognitive attentional levels in the patients with ADHD and causes a
decrease in the EEG theta power. The results also show that the absolute error was higher in
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the experimental condition compared to controls for all time intervals. The study stated that
the decrease in the EEG theta power might indicate an accumulation of temporal pulses.
Thus, this could be responsible for the improvement of the cognitive abilities in adult
ADHD [72]. In contrast, a further study investigated different neuropsychological domains
(EF, reward, and timing). However, a time interval of only one second was used, and the
study reported no significant differences between adult ADHD and healthy controls. In this
context, the short duration of the time interval in the TE task might be an explanation for the
results [73]. In a Magnetoencephalography (MEG) study, the cortical networks underlying
temporal perception (PFC, cerebellum, basal ganglia, SMA, and ACC) were investigated.
The aim of the study was to investigate neural gamma activity in a TE paradigm in adult
ADHD [74]. The results show that unmediated adult patients with ADHD showed a higher
error rate in the TE task compared to the healthy control group. Furthermore, the study
showed that adult ADHD patients without medication have significantly reduced activity
in the gamma-frequency spectrum. In addition, the study showed that these gamma
deficits were found in the ROI areas of the right anterior cortices, left anterior cortices,
supplementary motor area, left prefrontal cortex, and ACC. Besides, the study showed
that the participants with medication had a low error rate in the TE task and an increase in
gamma activity [74]. Further, the study demonstrates that gamma activity is impaired in
the neuroanatomical areas of time perception. This is a further indication that the problems
of time estimation in adult ADHD are also observed on a neurofunctional level. Finally, the
study also showed an effect of medication. This is of crucial importance for treatment and
emphasizes that ADHD is a multidimensional disorder.

3.2. Time Reproduction in Adult ADHD

When considering the research on TR in adult ADHD, it is worth noting that only four
studies were published in the last 10 years. Moreover, the experimental designs, approaches,
and results of the found studies on TR are also heterogeneous. First, Marx et al. (2013)
investigated the motivational effects of financial rewards on cognitive function profiles in
adult ADHD [78]. In this study, the domains of inhibition, working memory, sustained
attention, delay aversion, time discrimination, and time reproduction were examined.
Results indicate that reward minimized the discrepancy scores in adult ADHD and balanced
the effect of group between the participants. A further study examined the effect of working
memory (WM) and short-time memory (STM) on time reproduction performance [77]. The
results show no group difference in the TR task with the exception for a higher variability
inls,4s,and 6 s for unmedicated patients with ADHD and at the 4 s and 6 s interval
in medicated patients with ADHD. Besides, no association between WM and TR was
detected [77]. Another study investigated TR and its neuroanatomical correlates in adult
ADHD and unaffected first-degree relatives [76]. The study found a positive correlation
between the grey-matter volume in the cerebellum and the performance in TR. Accordingly,
the more grey-matter volume that was in the right lobule V, the poorer the performance
was in the TR in the sample, making these findings significant for ADHD. For the other
ROIs, no effect was detected. The authors suggest that the involvement of the cerebellum,
rather than the basal ganglia, or prefrontal cortex is linked to the encoding phase and is
not related to the deficits in maintaining and monitoring temporal information in working
memory. Moreover, they argue that grey matter abnormalities are responsible for problems
in the frontocerebellar networks, which are crucial for time processing [76]. A recent study
evaluated the auditory and visual TR in adult ADHD [75]. Furthermore, the study sought
to investigate the involvement of working memory, ADHD symptoms, and hyperfocusing
on the performance in TR. The study found a reduced TR in adult ADHD with no modality
effect. Moreover, the study detected a difference in adult ADHD with a higher discrepancy
for longer intervals. In addition, TR was associated with impulsivity /hyperactivity, and no
effect of WM was observed [75].
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3.3. Time Management in Adult ADHD

However, the literature search could detect only one clinical study, which highlighted
the obstacle of time management in adult ADHD. The study investigates the efficacy of
a group cognitive training in time management in adult ADHD [79]. The study pointed
out that an executive and a dysfunction in inhibition are closely connected to deficits in
time management and time processing. Therefore, the study sought to investigate the
therapeutic effects of a cognitive therapy program with a focus on time management on
ADHD symptoms. The results showed that the cognitive training had an impact on all
scales of the questionnaires and resulted in an improvement in the performance of patients
of the intervention group.

4. Discussion

The results of the narrative review showed that adult patients with ADHD have
problems in the estimation of time intervals, in the reproduction of time intervals, and
in the management of time. In addition, the results show that these behavioural deficits
can also be found at the neuropsychological level in adult ADHD. Thus, the cerebellum
and the VLPFC and DLPFC are particularly relevant. Nevertheless, when analysing the
available studies focused on time perception in adult ADHD, it becomes evident that only
a few studies have been published in the last 10 years. This is surprising, since an impaired
time perception is postulated in the triple pathway model [37,39]. When considering
the studies in the context of time perception, the different results and limitations also
need to be critically considered. The results of the present review indicate that whereas
some studies were able to demonstrate a distinct deficit in time perception [71,72,74-76]
other studies were unable to demonstrate a clear association between ADHD and time
perception deficits [73,77,78]. In the context of TE studies, Pretus et al. (2020) could detect
an effect on the distractor. However, the anticipated direction of the distractor effect was
opposite. Both groups performed better when the distractor was presented. As expected,
the findings of the study demonstrated the impairment of the specific neuroanatomical
areas involved in the perception of time in adult ADHD. However, no difference was found
between the groups in terms of TE at the behavioural level. Nevertheless, the results also
show an interesting aspect of the feasible compensation of neuropsychological deficits
in adult ADHD. This is also frequently observed in clinical settings, as patients are quite
capable of maintaining attention over a longer period in the face of a high stimulus input.
The salience of the distractor can, in turn, also increase the valence of that distractor and
hence increase the dopaminergic level in the patients. The connection between valence,
salience, and dopamine has already been demonstrated in a study [81]. This effect was
already demonstrated in earlier studies [82] and might therefore offer a potential future
research topic. Furthermore, it remains unclear how the activation of brain areas is related
to the results of the behavioural outcomes [71]. Thus, the results also provide additional
opportunities for research in this context.

The study conducted by Fontes et al. (2020) reports that the exposure reduced the level
of inattention and impulsivity [72]. In summary, the results suggest that exposure to a TE
experiment reduces theta band activity and thus improves cognitive functioning in ADHD.
However, it remains to be clarified whether the ability to estimate time is also improved.
Furthermore, the study also reports several limitations such as the lack of a sufficiently
large sample size, the non-homogeneity, non-EEG uptake during the experiment condition,
the non-association with sub-second level tasks, and the lack of a healthy control group [72].
In that study, it might also be noted that the study design could also be interpreted as
a neurocognitive training that covers multiple impaired neuropsychological domains in
ADHD. This might explain the effects as training effects and thus needs to be considered as
a possible confounding variable [83]. Therefore, the question that remains is whether the
effect is an ADHD-specific effect or a general training effect. Thus, the results of the study
should be examined by further studies that take the limitations into account.
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Mostert et al. (2015) stated that the short duration of the time interval in the TE task
is an explanation for the results [73]. The TE task was part of a large neuropsychological
test battery, yet it included only one time interval. The test battery was able to show the
neuropsychological deficits in ADHD, although it was not able to show a deficit in time
perception. However, this was due to the application of a single time interval. A study
showed that one time interval is not sufficient for investigating a possible deficit in TE [84].
In terms of limitations, Wilson et al. (2013) pointed to the small sample size, the long
duration of the intervals, the training aspects, and the lack of a placebo control group in
their study [74].

In the context of studies on TR, the study by Marx et al. (2013) points to the high
functional level of ADHD patients as a limitation, which might have influenced the results.
Moreover, the rate of comorbid disorders in that sample was small. The authors elicited
that this might be an indication as to why a large proportion of the cognitive problems
in adult ADHD are mediated by the comorbid disorders [78]. Additionally, due to the
lack of randomisation, order effects cannot be entirely ruled out in the study. In contrast,
Mette et al. (2015) were unable to detect a clear difference in TR in adult ADHD. However,
this study examined raw scores in comparison to others, whereas other studies examined
absolute discrepancy scores. This could lead to different results of the found studies.
Furthermore, it should be mentioned that the effects of counting and the use of external
factors was highlighted as a distinct limitation [77]. Studies investigating this effect in adult
ADHD have not been published. As of yet, only one previous study investigated the effect
of counting on time perception in children with ADHD. The study was able to demonstrate
that counting improves the children’s perception of time [85]. Hence, it can be assumed that
counting or the use of external cues might be a confounding variable in time experiments.
The exact mechanisms of counting in time experiments in adult ADHD have not been
investigated yet and should be the subject of future studies. Pironti et al. (2016) stated
that an interpretation regarding the sole contribution of the cerebellum to the TR problems
needs to be discussed carefully, as the study refers to VBM data and not to fMRI data [76].
The study by Délek et al. (2021) stated the low sample size and low number of trials in the
TR task as limitations. Another limitation is the high number of male participants in the
ADHD group compared to the control group [75]. Additionally, the effect of sex should be
given greater consideration in future studies, since a study found that women with adult
ADHD more often fall off the diagnostic grid or receive less treatment despite suffering
from severe symptoms [86]. Women were also underrepresented in the studies of this
review on time perception. Therefore, a sex-specific effect cannot be excluded and should
be investigated in future studies.

The different outcomes of the studies show that there is still a need for research in this
area. Nevertheless, it can be assumed that WM and the ability to reproduce time intervals
are closely connected. Therefore, it can be derived that an improvement in working memory
performance could also lead to an improvement in TR. This, in turn, would strengthen
the importance of neuropsychological trainings in the treatment of ADHD. This is also
an important finding for clinical practice, as enhancing a specific deficit through training
might also have an impact on other neurocognitive deficits in adult ADHD.

One study examined the effect of training on time management in adult ADHD. The
study found a positive effect of training on time management [79]. Furthermore, clinicians
report that patients with ADHD often report problems in maintaining appointments and/or
agreements. These problems lead to a high level of psychological stress. This leads to a
reduced coping ability to deal with everyday life obstacles, as well as problems in social
relationships in adult ADHD [87]. When analysing the results of the Japanese study [79],
it can be noted that the study did not investigate time management or time perception
skills. The conducted training might lead to an improvement in ADHD symptoms, which
in turn leads to an improvement of time management skills. Moreover, the study stated
that the effect of medication was not controlled, and participants had a high intellectual
level compared to previous studies. A further limitation of the study is that there was no
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baseline survey of performance in time management [79]. Therefore, the study lacks an
analysis of possible correlations of the individual cognitive performances (e.g., impulsivity)
on time management. A follow-up study using a structural equation model to show the
possible interactions would be worth investigating.

Due to the limited number of studies, general problems or open questions can only
be addressed to a limited extent and the result that there are only a few studies about
time perception must be regarded as a result and therefore has to be discussed: each
study had strengths and limitations. Studies that have demonstrated a deficit in TE or TR
have examined absolute/relative differences, discrepancies, or variability in participants’
performance [71,72,75,76], whereas other studies reported no effects. These differences in
findings might be due to differences in the analysis of participants’ performance in time
perception tasks. When analysing the effect sizes, it also becomes apparent that there is
heterogeneity in this regard, as effect sizes ranging from small to large are calculated and
observed. However, not all studies report the effect sizes, and the different methodological
instruments make it difficult to interpret the studies in terms of effect sizes.

Operationalizing time perception in adult ADHD is certainly one of the major chal-
lenges. As a result, the research revealed estimation, reproduction, production, and dura-
tion discrimination in the context of time perception. However, there is a lack of validated
instruments to measure time perception in ADHD. Future research should therefore develop
validated measurement instruments for time perception, similar to the neuropsychological
test batteries for ADHD in order to verify the previous results. A further general problem
in adult ADHD is the presence of comorbidities. Only one of the found studies reported no
comorbid disorders in their sample [71]. This applies not only to time perception studies
but to all clinical and neuropsychological research in adult ADHD. A recent study has
already shown that there is a high level of comorbid disorders in children with ADHD [88].
Studies have also shown that there is a connection between time perception and various
mental disorders [89]. Thus, it cannot be excluded that the presence of comorbid disorders
in ADHD might also explain the heterogeneity of the study results on time perception.
Therefore, the impact of comorbidities should be taken into account in future studies, e.g.,
by considering clinical control groups.

Moreover, an explanation for the limited number of studies in this topic is proba-
bly due to the complexity of the concept time perception. A large number of research
concerning time shows that the ability to perceive time is also dependent on higher cogni-
tive performance [41-49,52,53]. Hence, it seems logical that a disorder that is associated
with problems in higher cognitive performance also shows problems in time perception.
However, the research in the context of time perception lacks a specific aspect. It is not
sufficiently clear how the symptoms of ADHD such as EF, delay aversion, memory, impul-
sivity, and the ability to reproduce time, to estimate time, and to discriminate duration are
related. Therefore, future research should highlight and analyse the interaction between
time perception and higher cognitive abilities by employing a structural equation model.
Future research must clarify whether the variability has an impact on the results of the
studies or whether other variables might be involved.

Finally, it is also of interest that there is no study on time production. An explanation
for this can, at most, be speculated and not adequately validated. Hypothetically, there
might be an overlap with motivation research. Nevertheless, future studies should also
investigate the role of time production in ADHD.

5. Conclusions

The experimental results of the studies found are very valuable in understanding
ADHD and time perception. A distinct problem in TE, TR, and time management could
be revealed in most of the studies, leading to the assumption of a general time perception
deficit in adult ADHD. Therefore, these results support the postulated findings of the
triple pathway model. However, it remains unclear whether the “real-life” experience of
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the patients can be represented in its entirety. The results clearly demonstrate that time
perception in adult ADHD has a very high complexity and variability.

Hence, to provide a transfer to clinical treatment, the following issue might be relevant
for clinicians. The findings of the studies not only indicate a deficit in time perception, but
also in terms of the contribution of different neuropsychological domains and structures
(e.g., memory). Therefore, an enhancement of the functionality of these domains could
also have an impact on time perception in adult ADHD. However, the treatment manuals
designed for adults with ADHD do not consider a deficit in time perception. Therefore, the
treatment of adult ADHD should also focus more on the problems of time perception. This,
in turn, could sustainably improve various psychosocial problems (e.g., conflicts due to
tardiness, planning ability) and the quality of life of people with ADHD. There are other
topics that were not addressed in the current review and need to be investigated in future
studies, like OTMP, and the neurobiology of time deficits in adult ADHD. Operationalizing
TE and TR is highly challenging, and many issues are unsolved. Finally, adult patients
with ADHD have problems in the estimation of time intervals, in the reproduction of
time intervals, and in the management of time. Due to a lack of publications on this
topic, the underlying behavioural findings that contribute to time perception in adult
ADHD (perception, attention, working memory, action planning) should undergo further
critical examination. Nevertheless, research on time perception remains a fascinating
topic for future studies and it might contribute to significant developments in terms of
understanding and treating the disorder.
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