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Abstract

In this article, we critique the hypothesis that different varieties of impulsivity, including impulsiveness present in attention-deficit hyperactivity
disorder, encompass an accelerated perception of time. This conceptualisation provides insights into how individuals with attention-deficit hyperactivity
disorder have the capacity to maximise cognitive capabilities by more closely aligning themselves with appropriate environmental contexts (e.g. fast
paced tasks that prevent boredom). We discuss the evidence for altered time perception in attention-deficit hyperactivity disorder alongside putative
underlying neurobiological substrates, including a distributed brain network mediating time perception over multiple timescales. In particular, we
explore the importance of temporal representations across the brain for time perception and symptom manifestation in attention-deficit hyperactivity
disorder, including a prominent role of the hippocampus and other temporal lobe regions. We also reflect on how abnormalities in the perception of
time may be relevant for understanding the aetiology of attention-deficit hyperactivity disorder and mechanism of action of existing medications.
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Introduction

Attention-deficit hyperactivity disorder (ADHD) is a prevalent
neurodevelopmental disorder associated with impaired sustained
attention, impulsivity and hyperactivity (Drechsler et al., 2020).
While it is typically diagnosed in children, with an estimated
prevalence of roughly 5% (Polanczyk et al., 2007), longitudinal
studies show that at least two-thirds of diagnosed youths retain
symptoms into adulthood (Faraone et al., 2006). When combined
with increasing awareness of the disorder, this may account for
the increased diagnosis of ADHD in adults in recent years (Paris
et al., 2015). However, despite this diagnostic shift, neuroimag-
ing findings suggest a significant overlap in the neurobiological
substrates of ADHD in children and adults (Cubillo et al., 2012).
As a heterogeneous condition, ADHD is characterised by deficits
in the diverse domains of inhibitory control, attention, reward
processing and motor control (Faraone et al., 2015) and is fre-
quently co-morbid with other psychiatric disorders, including
substance use disorder (Charach et al., 2011). Nevertheless, as
broadly acknowledged by others (Gonzalez-Carpio et al., 2017;
Lawrence et al., 2008), and relevant to the concept of functional
impulsivity (Dickman, 1990), the neurodivergent profile of indi-
viduals with ADHD can be advantageous in particular contexts;
for example in situations where rapid decisions are needed for
optimal outcomes.

A prominent idea first proposed by Barkley is that ADHD
involves an inability to delay responding for future rewarded out-
comes (Barkley, 1997). Thus, children with ADHD are posited to
be hyposensitive to delayed rewards compared with unaffected
children. Such individuals may even develop a ‘delay-averse
motivational style’, which could also involve deficits in reward
processing with delayed rewards being strongly devalued and
thereby insufficient to reinforce behaviour. In contrast, others
have suggested that deficits in executive functioning lie at the
core of ADHD, including deficits in working memory and
response inhibition (Lijffijt et al., 2005). While Sonuga-Barke
has proposed a dual-pathway hypothesis, separating executive
deficits and delay-aversion into distinct causal pathways for
ADHD (Sonuga-Barke, 2003), these theoretical distinctions
may not always be so clear-cut. Thus, delay-aversion has been
shown to predict working memory performance (Karalunas and
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Huang-Pollock, 2011), suggestive of an interaction between
delay-aversion and executive functioning, possibly mediated by
existing deficits in executive functioning that exacerbate delay-
aversion in ADHD.

An alternative theory of ADHD emphasises its temporal
dimension whereby inter-individual differences in the perception
of time are hypothesised to be responsible for variation in impul-
sive behaviour (Ptacek et al., 2019). Here time perception is
defined as the rate at which cognitive functions reliant on tempo-
ral processing occur, in other words, their internal clock.
Temporal perception is hypothesised to be consistently altered in
those with ADHD causing subjective time to pass more quickly
than real-world time, thereby producing a perception of time
‘dragging’. This disturbance in the perception of subjective time
may explain overt symptoms of ADHD, such as heightened
delay-discounting, as well as the context-dependency of behav-
iours present in ADHD (Delisle and Braun, 2011). Adding further
nuance to the conceptualisation of ADHD, Waldren et al. (2024)
recently reported that self-reported difficulties in attention do not
map onto actual performance in an attentional control task. Thus,
an altered perception of subjective time in ADHD and impulsive
traits merits further analysis.

Evidence for altered subjective time
perception in ADHD

While events around us occur in real time, an individual inter-
prets them with respect to their subjective time as a construction
of the self (Wittmann, 2009). Evidence for anomalous subjective
time in individuals with ADHD stems from several sources. For
example, temporal deficits in the reproduction and estimation of
set durations are a consistent finding in ADHD. Thus, when
asked to estimate fixed durations of time children with ADHD
tend to overestimate the interval, while underestimating similar
durations when asked to reproduce them themselves (Gonzalez-
Garrido et al., 2008; Smith et al., 2002; Toplak et al., 2006). Such
findings indicate that in ADHD subjective time passes more
quickly than real time. In addition, children with ADHD are
impaired on rhythmic finger-tapping tasks with a positive corre-
lation found between impulsivity and the rate of finger tapping
(Ben-Pazi et al., 2006) with associated impairments in timing
signals in the motor system (Barratt et al., 1981).

Subjective time perception can be assessed experimentally
by hyperbolic delay discounting procedures to model the influ-
ence of time perception on decision-making. Hyperbolic delay
discounting describes the tendency to choose smaller immediate
rewards over larger but delayed rewards (Ebert and Prelec,
2007) and is known to be elevated in ADHD (Jackson and
MacKillop, 2016; McClure et al., 2014). A faster rate of subjec-
tive time in ADHD would essentially drive further reductions in
the subjective value of delayed rewards by stretching the per-
ceived temporal distance between present and future time points.
Thus, an increased rate of subjective time passage traps indi-
viduals with ADHD in the present, leading to decisions which
prioritise short-term outcomes over longer-term consequences
(Paasche et al., 2019).

An increased rate of subjective time passage may also explain
core symptoms of ADHD in children such as fidgeting and
hyperactivity. Thus, individuals with ADHD would be expected

to develop boredom at a faster rate, due to a demand for a greater
level of environmental stimulation to remain alert. This may be
the cause of children with ADHD turning towards alternative
forms of stimulation, such as fidgeting or hyperactivity, theoreti-
cally to avoid the aversive state of boredom (McDougal et al.,
2023). Such behaviour provides a distraction from the hyper-
attentive state towards the passage of time that characterises
boredom, especially in the context of under-stimulating environ-
ments. This interpretation of ADHD is supported by increases in
the activity and inattention of hyperactive children during peri-
ods of delay (Antrop et al., 2002). The termination of boredom
would thus be a key motivator for delay-minimisation in ADHD
as supported by increased frustration following the occurrence of
an unforeseen time delay (Sonuga-Barke, 1994). Consistent with
this idea, a fixed trial length was shown to abolish differences in
delay discounting between children with and without ADHD
(Sonuga-Barke et al., 1998).

Neural substrates of subjective time
perception

We propose that subjective time passage can be explained by a
neural mechanism which is itself the product of a distributed
brain network involved in temporal processing. The activity of
such a network depends on both the time duration perceived and
a broader perceptual context and traditionally is consistent with
the notion of an internal clock (Treisman, 1963). The internal
clock describes a set of assigned timing elements for a particular
task (i.e. pulse generators and accumulators), which are coordi-
nated to produce the subjective percept of time. Such a model
provides a useful starting point for identifying the neuroanatomi-
cal substrates of subjective time (see Figure 1). However, differ-
ent scales of subjective time may also depend on different neural
mechanisms and associated neuroanatomical substrates. For
example, maintaining and recognising sub-second durations
likely does not demand the same mnemonic resources as supra-
second durations. Indeed, different neural structures may be
involved in representing the distinction between sub- and supra-
second durations (Coull et al., 2011; Matell et al., 2003).
Moreover, recent conceptualisations of the neural basis of timing
refer to models where time is represented by so-called population
clocks that emerge from the dynamics of activity in distributed
neural circuits (Paton and Buonomano, 2018). Such models
putatively evoke clock-like processes that represent the forward
passage of time as well as a reconstructive process for already-
experienced intervals of time (Tsao et al., 2022). As discussed in
the latter sections, this distinction may be relevant for how time
is represented for different subtypes of impulsivity.

Figure 1 presents an orthodox framework for the anatomical
connectivity of the brain’s temporal network, embedded within
an internal clock model and modulated by specific neurotrans-
mitter systems. Abnormalities in one or more nodes of the tempo-
ral networks may be responsible for a quickened perception of
time in ADHD. It is important to note, however, that the proposed
temporal network may act in an integrative manner within
broader brain networks. For example, subjective time may be the
product of interactions with circuitry involved in reward magni-
tude evaluation (Fung et al., 2021), salience (Sherman et al.,
2021) and executive functioning (Witowska et al., 2020).
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Figure 1. A schematic illustration of the putative neural network underlying the subjective perception of time.

Candidate neural loci are based on the internal clock model (Treisman, 1963) with pacemaker, accumulator and comparator components, which are modulated by
catecholaminergic (dopamine and noradrenaline) and cholinergic pathways. Deficits in some or all of the circuit’s nodes may dysregulate the temporal network to produce
a quickened sense of subjective time estimation in individuals exhibiting impulsive characteristics.

Neural substrates of the pacemaker
and accumulator in time perception

Based on earlier seminal research involving interval discrimina-
tion tasks and correlations between neural activity and timing
performance, the brain loci of the pacemaker and accumulator
were identified some years ago as the substantia nigra and dorsal
striatum, respectively (Meck, 1996). The integrative functioning
of the pacemaker and accumulator is thought to depend on an
attentional gating mechanism (Block and Gruber, 2014) that
determines the probability of pulse accumulation within corticos-
triatal-thalamocortical networks (Coull et al., 2004). Such loops,
as shown in Figure 1, may work by modulating sensory inputs to
the cortex via the thalamus, either through widening or narrow-
ing the thalamic filter. Within this framework, the attentional gate
thus exerts a tonic inhibitory effect on the accumulator. While
such a mechanism may facilitate flexible modulation of subjec-
tive time in the neuro-normative population, constitutively
altered reward processing by the striatum in ADHD (Furakawa
et al., 2014) may be one route through which deficits in temporal
perception arise.

As illustrated in Figure 1, the prefrontal cortex (PFC) may
function as the neural substrate of the comparator, operating
alongside the basal ganglia to compute subjective time from the
number of pulses accumulated (Coull et al., 2004, 2011). This
putative role requires working memory to hold information
online about the number of pulses recorded and the ratio between
pulses and duration over different time scales that exist in refer-
ence memory. In ADHD, the sense of time dragging could result
from an increased rate of pulse production or accumulation or an
altered ratio in reference memory of pulses to subjective. Such
modifications could stem from impairments in working memory,
hindering the ability to record pulses or to hold the reference
memory pulse ratio ‘on-line’ for comparative purposes. Indeed,
impaired working memory and other executive functions are
acknowledged in ADHD (Nigg, 2005) and predict performance
on measures of time perception (Lee and Yang, 2019).

Although incompletely specified, the role of the PFC as a
comparator may be restricted to supra-second durations due to
the greater importance of attentional resources over these time-
scales (Coull et al., 2011). Indeed, lesions and transcranial mag-
netic stimulation of the right PFC impair timing of supra, but not
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sub-second, durations (Jones et al., 2004). Furthermore, concur-
rent activation of the basal ganglia with the right PFC during
duration estimation (Ferrandez et al., 2003) has led to the idea
that recurrent loops forming a fronto-striatal circuit underlie the
joint functions of the pacemaker-accumulator and comparator in
subjective time. Notably, reduced activation of the right inferior
PFC was detected in duration discrimination tasks in adolescents
with ADHD (Rubia et al., 2009). Thus, deficits in the functioning
of the PFC comparator could drive an altered perception of time
in ADHD.

With regard to the so-called reference memory of temporal
processing, it is unclear where this information is represented.
One possibility is that reference memories referring to different
timescales of durations are stored in specialised sub-systems. For
example, the hippocampus may be involved in the reference
memory for longer durations, such as minutes to hours, while the
cerebellum may encode sub-second durations. Time-sensitive
neurons, which respond to time intervals of around 2 min in dura-
tions, have been detected in the human hippocampus (Umbach
et al., 2020) and may support episodic memory. In contrast, sub-
second neural timing has been ascribed to the cerebellum (Ivry
and Keele, 1989) and may underlie the encoding of precise tem-
poral relationships important for motor learning and control.
Thus, cerebellar and hippocampal systems may make specialised
contributions to ‘reference memories’ over different durations. In
line with this suggestion, the temporal deficits resulting from the
abnormal function of these structures may have different conse-
quences for behaviour. For example, deficits in sub-second sub-
jective time may drive motor impulsivity, consistent with the role
of the cerebellum in motor control and impairments in Go-No-Go
tasks in ADHD (Trommer et al., 1988). This framework puta-
tively suggests that hippocampal reference memories would feed
directly to the fronto-striatal pacemaker-accumulator-comparator
circuit when the need for mnemonic resources over longer peri-
ods was required. In contrast, the cerebellar system may operate
over shorter timescales to contribute more immediately to behav-
ioural control mechanisms.

Neuromodulation of subjective time
perception

Elucidation of the chemical neuromodulation of subjective time
perception has putative relevance for understanding how amphet-
amine and other clinically efficacious drugs in ADHD produce
their therapeutic effects. Using the curve-shift paradigm, whereby
motivated responding and duration estimation are graphically
represented on vertical and horizontal axes, it has been possible
to dissociate modulatory effects of DA and acetylcholine (ACh)
on pacemaker-accumulator processing and reference memory,
respectively (Meck, 1996).

Catecholaminergic-targeting drugs have been reported to
cause an immediate shift in the peak response time. For example,
methamphetamine, a DA and noradrenaline (NA) reuptake inhib-
itor, shifts the peak earlier, while haloperidol, a D2 receptor
antagonist, shifts the peak later (Meck, 1996). These results have
been interpreted as an increase and decrease in the rate of pulse
production, respectfully. Thus, as the rate of pulse production
changes, comparisons with values stored in reference memory
may act to drive alterations in subjective time perspective and

thereby a corresponding shift in the peak response time. This
effect may extend to temporal discounting in individuals with
ADHD. Indeed, dysfunction of the left fronto-parieto-striato-
thalamo-cerebellar network, seen during temporal discounting in
ADHD, was abolished by methamphetamine (Rubia et al., 2009).
In one noteworthy study, fibre photometry was used to record
calcium activity in the substantia nigra during a task requiring
mice to judge whether the interval between two sound stimuli
was shorter or longer than 1.5 s (Soares et al., 2016). Here, mice
were more likely to judge the duration as shorter during increased
DA activity and longer when DA activity was low (Soares et al.,
2016). In the same study, in vivo optogenetics was used to inves-
tigate the causality of DA neuronal activity in altering the subjec-
tive perception of time. The main findings showed that
photo-activation of midbrain DA neurons slowed down the esti-
mation of time while inhibition of this same population of neu-
rons had the opposite effect. Importantly, there was no effect on
reaction times suggesting that the DA manipulations affected
processing within the temporal processing network rather than
motivational or motor control mechanisms. It is important to
note, however, that the effects of pharmacological activations of
the brain DA systems on the subjective judgement of time are
broadly opposite to the effects of pathway-selective activation of
midbrain DA neurons (Soares et al., 2016). The reasons for these
discrepant findings are unclear, but possible explanations include
ancillary effects of systemically administered drugs on motiva-
tion and response control mechanisms, additional effects of
psychostimulant drugs on the brain NA systems, and effects on
different populations of DA neurons in the midbrain that unlike
the Soares study would also extend to DA neurons in the ventral
tegmental area.

In contrast to catecholamines, cholinergic drugs do not cause
an immediate change in peak response time. Nonetheless, com-
pounds that deplete or increase synaptic levels of ACh eventually
do cause the peak response time to shift earlier or later, respect-
fully (Meck, 1996). These findings have been interpreted to sug-
gest a role for PFC ACh in modulating the ratio between
accumulated pulses and real-world time stored in reference mem-
ory (Rubia et al., 2009).

Relationship between temporal
representations and impulsivity subtypes

As discussed above, a reference memory for duration may form
an integral input to the temporal network that underlies our per-
ception of time. In this section, we consider the neural mecha-
nisms of temporal representation, and the way in which the
diversity of temporal representations may contribute to various
impulsivity subtypes, including waiting impulsivity (Dalley and
Ersche, 2018); premature responding and delay discounting
(Dalley et al., 2011).

We propose that the way the brain represents space through
multiple coding strategies (Hartley et al., 2014) may be mirrored
in its representation of time. A functional advantage of this
approach would be that different neural representations are better
suited to different kinds of tasks, as has already been proposed
in spatial information processing (Lisman, 2007). An obvious
way that these temporal representations may differ would
be in the timescales across which they exist. However, further
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classifications have been suggested to include the encoding of
implicit versus explicit temporal information, with explicit tem-
poral information being further divided into prospective or retro-
spective processing streams. Within this framework, Sawatani
et al. (2023) argue that implicit temporal information involves
‘representations of the length of an event experienced’, whereas
explicit temporal information refers to the ‘direct monitoring of
the passage of time’. Furthermore, prospective representations
are based on the current time elapsed while the estimation of ret-
rospective time involves memory of experienced events.

This multifaceted representation of time in the brain mirrors
the heterogeneity of impulsivity, as well as its heterogeneous
manifestation in different subtypes of ADHD. Experimental
measures of impulsivity have been important in demonstrating
the fractionation of the impulsivity construct, with a broad divi-
sion emerging between impairments in delayed gratification, as
typically shown in delay discounting, and moment-to-moment
decisions, as seen in heightened premature responding on con-
tinuous performance tasks (Dalley et al., 2011). While a multi-
centre study of ADHD found that SSRT and delayed-discounting
measures did not correlate significantly, deficits in each still
defined the entire spectrum of ADHD disorder subtypes (Solanto
et al., 2001), highlighting the importance of both to the neuropa-
thology of ADHD. Further investigation of the neural substrates
of these subtypes of impulsivity confirms their distinct, if some-
times overlapping, neural basis (Dalley et al., 2011). Plausibly,
the contribution of different temporal representations to these
distinct behavioural manifestations of impulsivity may underlie
some of the differences in their neural circuitry.

Temporal representations and
premature responding

Responses that occur prematurely in anticipation of reward-
predictive cues are a common manifestation of impulsive
behaviour and can be assessed using various tasks in humans
and rodents (Dalley and Robbins, 2017). In rodents, for exam-
ple premature responses are readily measureable in the five-
choice serial reaction time task (SCSRTT), showing wide
individual variation in frequency, and well as tasks implement-
ing differential reinforcement of low rates of responding (DRL)
schedules. In the SCSRTT, subjects are trained to detect visual
targets to earn food rewards, with anticipatory premature
responses signalled by reward omission and a brief timeout
period, while in DRL schedules, subjects are trained to with-
hold from responding for generally longer periods. Temporal
representations may thus direct behaviour in DRL to a greater
extent. Despite the apparent role for the perception of time
passing in premature responding, it is unlikely that this relies on
exactly the same temporal representations involved in delay
discounting. Compared with the explicit consideration of delay
duration in delay discounting, the typically shorter timescales
involved in premature responding may mean that implicit tem-
poral representations are adequate to represent the length of an
event experienced, and thus drive responding after the appropri-
ate delay. Indeed, combined recordings of single unit activity in
the mPFC and the ventral striatum of rats performing the
SCSRTT found that premature responses appear to result from
a failure in the timing of the initiation of a waiting process prior

to the onset of a target stimulus (Donnelly et al., 2015). Thus,
delay discounting and premature responding may depend on
different temporal representations with retrospective time esti-
mations forming modulatory decision inputs in delay discount-
ing while implicit representations of delay may act as a timer
responsible for triggering the onset of waiting, and subsequent
motor function, in premature responding.

The tendency for anticipatory premature responses is dramati-
cally elevated by interventions that lower 5-HT neurotransmis-
sion. For example, intraventricular administration of a selective
5-HT neurotoxin resulted in increased premature responses in the
5-CSRTT (Harrison et al., 1997). In addition, optogenetic stimu-
lation of 5-HT neurons in the dorsal raphe nucleus (DRN) has
been shown to shift the preference of mice away from smaller,
more immediate rewards, suggestive of a role of 5-HT DRN neu-
rons in promoting waiting behaviour (Miyazaki et al., 2014).
Supporting this idea, the activity of DRN 5-HT neurons dimin-
ished when a reward was delayed for longer than expected
(Miyazaki et al., 2011). However, while the timing of this ramp-
ing activity is consistent with promoting waiting behaviour for
the appropriate duration, it is unclear whether this neural activity
encodes a temporal representation of the length of the expected
waiting period, or whether the 5-HT neurons themselves are
downstream of primary temporal representations which modu-
late the 5-HT neuronal ramping activity. While there is more
work to be done to elucidate the precise contribution of 5-HT
neurons to temporal representations over short timescales, their
role in temporally-driven behaviours may be relevant for certain
forms of impulsivity.

The medial entorhinal cortex (mEC) is a possible substrate for
the temporal representations which may exist upstream of 5-HT
ramping activity during waiting behaviour. The identification of
time cells in the mEC which are similar to those found in the hip-
pocampus (Kraus et al., 2015) is indicative of the encoding of
implicit time. Furthermore, calcium imaging techniques used
alongside virtual reality-generated linear tracks found that the
mEC generates time-dependent sequences of neural activity dur-
ing active waiting (Heys et al., 2020). This temporal representa-
tion could form the basis of a trigger mechanism for initiating
waiting activity in the mPFC and striatum, and determining how
long the waiting behaviour is maintained by serotonergic neu-
rons. Furthermore, there is evidence for the importance of these
mEC temporal representations in both the learning of task-spe-
cific waiting behaviour, as well as the discrimination of waiting
durations. Optogenetic inactivation during the learning phase of
a 6 s waiting time prevented mice from successfully learning to
wait for food reward (Heys et al., 2020). Moreover, while inacti-
vation during the post-learning waiting behaviour had no effect,
neurotoxic lesions of the mEC significantly impaired discrimina-
tion performance during 20s trials (Vo et al., 2021). These func-
tional differences highlight the importance of timescales in the
behavioural relevance of temporal representations, even between
durations of seemingly similar scales. While the temporal func-
tion of the mEC has previously been neglected for an almost
exclusively spatial focus, these more recent articles have brought
our attention to its role in waiting behaviour, and the application
of temporal representations to interval timing. On this basis, defi-
cits in these representations may form the basis of shortened
latencies to waiting activity in the mPFC and striatum and/or dys-
functional serotonergic ramping activity.
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Temporal representations and delay
discounting

Delay discounting is a classic choice-based procedure to assess
the preference of individuals for immediately available rewards
over larger but delayed rewards. This has been experimentally
verified as a model of subjective time, characterised mathemati-
cally as a hyperbolic decrease in the tendency to choose the larger
delayed reward when delays are progressively increased (Ebert
and Prelec, 2007). The resulting logarithmic perspective of time,
inferred from hyperbolic delay discounting, is steepened relative
to ‘choice impulsivity” (McClure et al., 2014), with higher rates
of discounting present in ADHD (Luman et al., 2010). This sug-
gests the abnormal stretching of the perceived temporal distance
between the present and future time points, implicating internal
temporal representations, which plausibly form decision inputs
to these choices as the basis for exacerbated delay discounting in
impulsive individuals.

When considering the temporal representations which may be
involved in delay discounting, it is useful to consider the demands
of these temporally oriented decisions. Decisions involving delay
discounting may rely on a number of temporal representations
coming together to facilitate the choice at hand. While more dif-
ficult to replicate in animals, human versions of this paradigm
involve individuals making decisions over extended durations of
days to weeks (Kirby and Petry, 2004). The longer timescales
involved here compared with premature responding suggest the
need for a different approach to temporal representations of such
durations to effectively simulate the delay discounting decision-
making process. The combined activity of different temporal rep-
resentations in different neural substrates may be necessary for
the development and storage of a ‘library of durations’, based on
an individual’s personal experience of durations across their life-
time. Below, we discuss the distinct roles the hippocampus, lat-
eral entorhinal cortex (IEC) and mPFC may play in this approach
to temporal representations over longer timescales. This could
allow common representations of duration to be coded non-line-
arly in the brain and then drawn on when needed to make a deci-
sion involving the comparison of delays of different duration
across these longer timescales.

Furthermore, consideration of the effect of each delay dura-
tion on the relative value of a reward demands the explicit repre-
sentation of each duration, as seen in explicit retrospective time
estimation. It is currently unclear whether neural encoding of
explicit temporal representations exists independently of implicit
neural representations, or whether implicit encoding forms the
upstream neural foundation of explicit representations. Indeed,
there is some evidence that such implicit temporal representa-
tions support the formation of duration memory which is neces-
sary for retrospective time estimation, suggesting that the latter
may be true (MacDonald et al., 2011).

As mentioned above, retrospective time estimation depends
on the memory of experienced durations. The implicit encoding
of event duration by both the hippocampus and IEC are hypoth-
esised to contribute to the formation of duration memory neces-
sary for retrospective time estimation. Neurons that fire
sequentially throughout the duration of an event have been
detected in implicit timing tasks in the hippocampus (Pastalkova
et al., 2008). Time-sensitive neurons have been shown to repre-
sent the passage of time during immobility, as well as while

running at various distances on a variable speed treadmill (Kraus
et al., 2015), thus distinguishing them from hippocampal place
cells. Furthermore, as the duration of events increased, the time
field of each neuron displaying sequential activity also increased
reflecting their representation of relative time as opposed to abso-
lute time (Kraus et al., 2013). Moreover, in a task involving two
distinct forced treadmill running durations, groups of neurons in
CA1 represented the two durations relative to each other (Shimbo
et al., 2021). Thus, the neural activity of the hippocampus may
form a gradient of temporal representations for different event
durations.

In addition to temporal representations in the hippocampus,
1EC neurons are reported to exhibit firing activity representative
of event durations. In contrast to temporal coding in the hip-
pocampus, the IEC appears to represent event durations through
the ramping activity of single neurons, with some increasing or
decreasing activity towards the end of a trial and others peaking
at the middle or at the beginning and end of a trial (Tsao et al.,
2018). While this differs from the hippocampus, both regions
contain information on the relative duration of an event with the
1EC providing additional information on the durations between
events. This latter function may be of relevance to the formation
of an integrated episodic memory in the hippocampus (Tsao
et al., 2018). Notably, the IEC has only been found to contribute
to implicit time perception and episodic memory on a several-
minute scale, suggestive of the relevance of these temporal repre-
sentations to delay discounting, which normally involves
temporal estimation over supra-minute durations. The precise
relationship between the temporal representations of the hip-
pocampus and entorhinal cortex is currently unknown, although
their extensive interconnectivity has led to the suggestion that the
entorhinal cortex may contribute to the formation of hippocam-
pal time cells (Eichenbaum, 2017).

Such neural representations may be expected to facilitate the
comparison of the effects of different delay durations in delay
discounting. However, the contribution of the hippocampus to
explicit timing decisions in relation to delay discounting deci-
sions is controversial. Thus, whereas hippocampal time cells
have mainly been detected in the processing of implicit temporal
information for experienced events (Sawatani et al., 2023),
lesions of the hippocampus generally have no effect on explicit
timing behaviour (Dietrich and Allen, 1998; Jacobs et al., 2013)
or where effects have been noted these appear to be relatively
temporary (Meck, 1988; Meck et al., 1987). Based on previous
research, medial temporal lobe representations may be of particu-
lar relevance to retrospective time estimation. Consistent with
this view, patients with temporal lobe damage are unimpaired on
explicit prospective timing tasks (Shaw and Aggleton, 1994) but
show impairments on tasks that assess explicit retrospective tim-
ing (Melgire et al., 2005). Furthermore, extensive evidence
implicates the role of the hippocampus in delay discounting. Rats
with lesions of the hippocampus (Cheung and Cardinal, 2005;
McHugh et al., 2008) and patients with hippocampal damage
(Gupta et al., 2009) show increased delay discounting (i.e. show
preference for immediate, small-magnitude rewards). In addi-
tion, elderly participants with impaired episodic memory, linked
to hippocampal dysfunction, displayed increased delayed dis-
counting (Lempert et al., 2020). At a mechanistic level, the dele-
tion of NMDA receptors in the hippocampal CA1 region impaired
delay-discounting behaviour and disrupted delay-dependent
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neural activity in this region (Masuda et al., 2020). Thus, NMDA
receptors appear to be critical for the formation of temporal rep-
resentations in the hippocampus and thereby the accurate encod-
ing of delay-dependent behavioural choice.

So how are these explicit representations of duration com-
bined and compressed into a library of durations which can be
both stored and accessed as needed? As summarised in our pro-
posed temporal network, reference memory refers to the encod-
ing of the ratio between pulses and duration to form a
representation of time passing. This information is then applied
to the accumulation of pulses in any context for the perception of
duration. While temporal representations in the medial temporal
lobe can be seen as the encoding of the durations of one-off
events, they do not address how such representations are consoli-
dated to form a common representation of duration which can be
applied to retrospective temporal tasks, thereby forming a refer-
ence memory. Analyses of temporal representations and func-
tions of the mPFC, alongside the existence of extensive
anatomical connectivity between the hippocampus and mPFC,
suggest a joint role in establishing common representations of
duration, as part of a wider role in encoding common features
across events. Notably, the same mechanism has already been
proposed for spatial information and the generalisation of knowl-
edge more widely (Samborska et al., 2022), reinforcing the idea
that the brain may deal with space and time in similar ways. Such
interactions in the temporal domain would underlie the formation
of a library of durations, thus allowing the feature of event dura-
tion to be compared across and between episodes, thereby facili-
tating retrospective time estimation and, by extension, delay
discounting. Supporting this view, the mPFC has been shown to
bias hippocampal encoding towards features that capture com-
monalities across events (Mack et al., 2016). Furthermore,
mPFC-hippocampal interactions are enhanced when individuals
experience new events which overlap with existing knowledge
(Zeithamova et al., 2012). Of note, during this form of learning,
a bidirectional flow of information occurs between the mPFC
and hippocampus. Increases in the coordination of theta oscilla-
tions between the hippocampus and mPFC during decision-mak-
ing and spatially guided and rewarded mnemonic processes
confirm the functional relevance of connections between these
two regions (Morici et al., 2022).

Concluding remarks

This article reviews the evidence for a heightened perception of
subjective time passage in ADHD. We discuss the components of
a distributed temporal network involved in the subjective percep-
tion of time, in particular including the hippocampus, wider tem-
poral lobe structures and PFC. Our analysis suggests that different
manifestations of impulsivity may be commonly determined by
disturbances in the way timing signals are encoded and subjec-
tively interpreted relative to the passage of real time. Deficits in
subjective time perception may, in turn, affect the behaviour of
individuals with ADHD in a context-dependent manner, espe-
cially in less taxing and under-stimulating environments.
Understanding the molecular and circuit-level mechanisms of
temporal representations and how these interact with overlapping
large-scale brain networks mediating perception, motivation,
cognition and action may be fundamental to understanding the

actiology and treatment of complex neurodevelopmental disor-
ders such as ADHD.
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