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Background: A recent meta-analysis left open a significant question regarding altered time perception in de-
pression: Why do depressed people overproduce short durations and under-produce longer durations if their
present experience is that time flows slowly? Experience and judgement of time do not seem to accord with one
another.

Analysis: By excluding two of the six studies on methodological grounds from a previous meta-analysis of
medium-length interval productions, and re-analysing the remaining four studies, the present paper finds that
subjective time accelerates from initial dilation within present experience (approximately 1s duration) to
subsequent acceleration within working memory (approximately 30 s duration) when depressed.

Proposals: 1t is proposed that depressive time dilation and acceleration refer to the default mode and central
executive networks, respectively. The acceleration effect is suggested to occur due to mood congruency between
long intervals, boredom, and depression. This mood congruency leads to the automatic recall of intrusive, ne-
gative, and non-specific autobiographical long-term memories used to judge intervals from previous experience.
Acceleration in working memory then occurs according to the contextual change model of duration estimation.
Limitations: The meta-analysis is limited to four studies only, but provides a potential link between time ex-
perience and judgement within the same explanatory model.

Conclusions: Similarities between psychological time dilation/acceleration and physical time dilation/accel-

eration are discussed.

1. Introduction

Perception and, in particular, time perception are known to be af-
fected by depression (Bech, 1975; Dilling & Rabin, 1967; Hawkins,
French, Crawford, & Enzle, 1988; Mezey & Cohen, 1961). While much
research has centered on whether depressed individuals' ability to judge
time is impaired (Bech, 1975; Bschor et al., 2004; Dilling & Rabin,
1967; Gallagher, 2012; Kornbrot, Msetfi, & Grimwood, 2013), strong
evidence has been found that time is experienced as passing more
slowly when depressed (Kitamura & Kumar, 1982; Stanghellini et al.,
2017; Thones & Oberfeld, 2015). This effect, known as depressive time
dilation, is well-established and refers to a slowing of temporal flow in
conscious experience (Thones & Oberfeld, 2015).

The current paper attempts to reconcile two aspects of time per-
ception, namely cognitive judgement and conscious experience, to ex-
plain a central problem: In contrast to time experience, depressive time
dilation does not seem to impair time judgement straightforwardly. The
lack of clarity in the literature concerns methodological differences
between experimental protocols and the inability to generalize across

all conditions. The following theoretical review, including a re-analysis
of a meta-analysis conducted by Thones and Oberfeld (2015), high-
lights a potential model of distorted performance when depressed on
one specific time judgement task — interval production.

It is important to first outline differences between experimental
designs, the cognitive processes implicated in time perception, and how
these relate to judgements of time by people experiencing depression.
The analysis will then attempt to integrate experience and judgement
under a single framework that distinguishes between dilation of shorter
intervals and acceleration of longer intervals when depressed.

However, before making such strong claims, there are several
methodological and conceptual confounds to qualify first (e.g., what is
meant by dilation, acceleration, relatively short and relatively long).

2. Definitions of time, dilation, and acceleration
The term ‘time dilation’ is borrowed from physics. It is central to

Einstein's (1920) special and general theories of relativity and describes
how ‘clock’ time passes more slowly under certain conditions. For
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example, physical time is dilated by gravity so that clocks closer to
massive gravitational objects operate more slowly than clocks further
away (Misner, Thorne, & Wheeler, 1973). This is called gravitational
time dilation.

Psychological time dilation does not measure an interval of clock
time in seconds, minutes and so on, but rather how fast or slow an
individual experiences the passage of time. The Thones and Oberfeld
(2015) meta-analysis of time perception in depression asserted that
time is typically measured using a visual analogue scale from ‘very fast’
to ‘very slow’ where, unlike time judgement tasks, “the concept of in-
terval duration does not apply to this type of task” (p. 364). No me-
chanism to account for the depressive slowing is agreed upon in the
literature, and it is not clear whether the mood-disordered time dilation
experienced during depression is the same as that induced experimen-
tally (van Wassenhove, Wittmann, Craig, & Paulus, 2011).

According to the longstanding ‘internal clock’ model of time per-
ception (Allman, Teki, Griffiths, & Meck, 2014; Burle & Casini, 2001;
Treisman, 1963; Zakay & Block, 1995), dilation and acceleration can be
interpreted in terms proposed by Glicksohn (2001). According to this
interpretation, two factors contribute to the length of perceived dura-
tion: 1) the size of perceived time units; and 2) the number of time units
perceived. Perceived duration is then assumed to be a simple multiple
of unit size and number. The perception of larger or fewer time units
causes less time to be perceived and so equates to dilation (i.e., time is
experienced as passing more slowly). In contrast, the perception of
smaller or more time units causes more time to be perceived and so
equates to acceleration. The change from dilation to acceleration in
depression implies that time units either flow more quickly or become
smaller as intervals get longer.

Internal clock interpretations are, however, difficult to simulta-
neously reconcile with time judgement and experience because mea-
surement of the latter, as above, is not defined with reference to clock-
based interval durations (Thones & Oberfeld, 2015). We aim to redress
this situation by locating time experience within an interval, called the
experienced moment, that defines the probable duration of subjective
conscious experience. The experienced moment is closely related to
conscious sensory-perceptual integration and is generally considered to
last approximately 1-3 s (Kent, 2019; Poppel, 1989, 1997; Wang, Lin,
Zhou, Poppel, & Bao, 2015; White, 2017; Wittmann, 2011). Con-
sciousness is defined here as the subjectivity experienced by conscious
beings, which is in contrast to Chalmers' (1996) non-conscious, hy-
pothetical zombies. According to a model proposed by Kent (2019; see
Fig. 1), the experienced moment is distinct from Wittmann's (2011)
shorter timescale functional moments and longer timescale mental pre-
sence primarily because: (a) it is a mode of duration perception as op-
posed to either the sensory-perceptual synchronization of functional
moments or extended duration of mental presence; (b) of its reliance on
the default mode network as opposed to the salience or central execu-
tive networks; and (c) of its critical range of activity being between 200
and 1250 ms, as opposed to shorter or longer timescales of perceptual
(< 200 ms) and working memory (< 30-100 s) processes (Kent, 2019).

Functional moments are discrete units of time in the milliseconds
range that are perceived of as simultaneous and define temporal re-
solution within a particular sensory modality (Craig, 2009). Audition,
for example, has the fastest temporal resolution of 2-3 ms, whereas
vision and tactility are much slower (Wittmann, 2011). Functional
moments are therefore aggregated into the experienced moment which,
given its relation to consciousness, integrates synchronous sensations
into a continuous stream that we experience as consciousness (Kent,
2019).

Mental presence, according to Wittmann (2011), is an extended
present centered on working memory (WM) activity that serves as a
“temporal platform of multiple seconds within which an individual is
aware of herself and the environment, where sensory-motor percep-
tion, cognition, and emotion are interconnected features of re-
presentation leading to phenomenal experience” (p. 6). Previous
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research places a probable upper limit on mental presence of 30-100 s
(Montemayor & Wittmann, 2014; Wittmann, 2011).

The distinction between the (approximately) 1s experienced mo-
ment and (approximately) 30 s mental present is key for current pur-
poses. These are the relatively short and long durations alluded to
above and so the assertion is that, when depressed, the experienced
moment is dilated whereas mental presence is accelerated. The im-
plication is that time accelerates as intervals increase, an effect which in
itself may not be unique to depression. It may be a general feature of
time perception that is simply more pronounced for depressed in-
dividuals. If it is assumed that the size of Glicksohn's (2001) time units
can vary within the same interval, then units at the end of the interval
will be relatively small compared to intervals at the beginning of the
interval. This temporal compression effect is explained by encoding
efficiency models and neural suppression of repeated stimuli (Eagleman
& Pariyadath, 2009).

This is analogous to the situation in ageing whereby a year in later
life is only a small proportion of all years lived compared to earlier
years, which were a larger proportion at that point in time. Wittmann
and Lehnhoff (2005) showed that decades in particular seem to pass
more quickly as people age, meaning that decades go from being rela-
tively large to relatively small time units in Glicksohn's (2001) model. If
the average human lifespan is considered an interval, in this sense, then
the trend from dilation to acceleration may be a more universal facet of
time perception that is evident in depression over intervals ranging
between the experienced moment and mental presence. In order to
demonstrate this effect, empirical studies investigating time judgement
in depression must be systematically investigated.

3. Assessing time judgement

Common time judgement experiments distinguish between judge-
ments made looking prospectively forwards in time or reconstructed
retrospectively looking backwards in time (Zakay, 2014). Experiments
are termed prospective or retrospective depending on whether the in-
dividual knew that they were timing the interval beforehand (i.e.,
prospectively) or not (i.e., retrospectively). There are also several jud-
gement methods: (a) estimation of intervals in ms/s/min and so on; (b)
reproduction of intervals presented previously; (c) discrimination of the
relative length of two or more intervals; (d) bisection of an interval into
equal sub-intervals; and (e) production of an interval from a verbal cue
in ms/s/min (Bschor et al., 2004).

Unlike the preceding four conditions, production tasks can only ever
be prospective because the individual must be given prior verbal in-
struction to time the interval. Production methods are also different
because they can rely solely on the subjective perception of duration
and interoceptive cues (e.g., heartrate or breathing rate), while other
tasks must present an interval using some form of exteroceptive cue
(e.g., auditory, visual, or tactile) (Bschor et al., 2004). As such, pro-
duction tasks can be completely devoid of task-related content. The
duration of empty and filled intervals are perceived differently, espe-
cially for prospective tasks that involve cognitive load on attentional or
WM resources (Block, Hancock, & Zakay, 2010). As such, and unlike
other methods, performance on production tasks can be used as a
measure of cognitive load (Baldauf, Burgard, & Wittmann, 2009; Zakay
& Shub, 1998).

The experimental setup is therefore critically important to the as-
sessment of time judgement. Further to this, the duration of intervals
used is also critical to whether an effect is detected or not, especially
with regards to the distinction between the 1 s experienced moment and
30s mental presence (Montemayor & Wittmann, 2014; Wittmann,
2011). Considering the meta-analytic findings of Thones and Oberfeld
(2015), the authors conflated functional moments, the experienced
moment, and mental presence by dividing intervals into ultra-short
(< 1s), short (1-10s), medium (10s-10min) and long (> 10 min)
durations. The studies considered also compared tasks with differing
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Fig. 1. A model proposed by Kent (2019) of the experienced moment as a top-down process spanning approximately 1000 ms and supported by bottom-up perceptual

(functional moment) and working memory (mental presence) processes.

levels of cognitive load. For example, Kornbrot et al. (2013) dissuaded
participants from counting by requiring them to recall a 3-digit number,
whereas Bschor et al. (2004) allowed participants to count freely.

Our view is that methodological consistency in time perception
experiments with depressed participants is crucial to ensure that the
findings of several studies can be reasonably compared. As such, a more
thorough examination of the relationship between cognition and time
perception is required to contextualize methodology.

4. Cognitive processes related to time perception

Two factors are known to increase the amount of time judged to
have elapsed during a prospective time judgement task: (1) more time is
perceived when more attention is allocated to time (Zakay & Block,
1995; Zakay & Block, 1996); and (2) more time is perceived when
arousal levels are higher (Droit-Volet, Fayolle, & Gil, 2011; Gil & Droit-
Volet, 2012; Mella, Conty, & Pouthas, 2011; Yarrow, Haggard, &
Rothwell, 2004). Glicksohn (2001) proposes that attentional effects
refer to the size of perceived time units, arousal effects refer to the
number of time units, and the two effects multiply together to yield a
holistic perception of duration.

While this account of prospective time perception is relatively clear
and straightforward, and while it is also known that retrospective in-
tervals are judged as longer when more information is encoded into
memory (Block & Reed, 1978; Rueda & Schmitter-Edgecombe, 2009;
Ulbrich, Churan, Fink, & Wittmann, 2007), it is not well understood
how prospective and retrospective models relate to each other. A
seminal meta-analysis conducted by Block and Zakay (1997) dis-
tinguished between prospective attentional and retrospective memory
processing of time, but this conclusion requires further scrutiny for
present purposes given that studies using only 5s intervals or above
were included. The results, therefore, cannot fully account for or dis-
tinguish between the 1 s experienced moment and 30 s mental presence.
While the analysis did distinguish between attentional effects in pro-
spective tasks and short-term memory (STM) effects in relatively short
retrospective tasks, it did not consider how WM or long-term memory
(LTM) influences prospective intervals in the appropriate range of
durations for WM to become relevant. The study therefore did not
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compare and contrast WM and attentional processes, which have been
shown to be related but distinct (Awh, Vogel, & Oh, 2006; Fougnie,
2008), nor did it investigate how LTM interacts with WM to produce
empty intervals in the prospective paradigm.

In the present paper we take the view that longer prospective tasks,
and longer production tasks in particular, share some features with
retrospective tasks because WM and LTM processes become more in-
fluential as the interval increases. The dominant model of interval
timing, the information processing model combined with scalar ex-
pectancy theory (Allman et al., 2014; Buhusi & Meck, 2005; Gibbon,
1977; Rakitin et al., 1998), proposes that reference memories stored in
LTM are used to compare the interval presented with previous experi-
ence. For retrospective tasks, because there was no prior knowledge
that an interval was to be timed, and therefore no counting or other
timing strategy employed, judgement is made by comparing informa-
tion stored in STM with prior experience stored in LTM. For prospective
tasks, which Block and Zakay (1997) aligned with attentional processes,
WM must still reconstruct prospective events and temporal experience
over sufficiently lengthy intervals from memory (Allman et al., 2014;
Baldauf et al., 2009; Block & Zakay, 2006; Zakay & Shub, 1998).

Fraisse (1984) proposed the simple distinction that durations below
3s are directly perceived, whereas longer intervals can only be esti-
mated. The present argument states that prospective judgements of
(approximately) 1s intervals are perceived within the experienced
moment, whereas longer intervals are estimated from WM reconstruc-
tion within mental presence (Wittmann, 2011).

Attention and memory are known to interact or overlap in other
aspects of temporal cognition. Block and Zakay (2006) explored a si-
milar relationship between interval duration and prospective re-
membering, which is the ability to remember that a time or event will
take place in the future. They proposed that relatively short time-based
prospective memory (i.e., remembering to do something at a certain
time) uses primarily attentional resources, whereas prospective
memory over longer intervals becomes more event-based (i.e., re-
membering to pay attention to an event) and uses primarily recursive
memory resources. Their analysis assumed that prospective re-
membering “relies on the functioning of well-known attention and
memory systems” (p. 25), but that the mode of prospective
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Table 1

Characteristics of studies included in the Thones and Oberfeld (2015) meta-
analysis, and the strength and direction of under-production (positive statistic)
and overproduction (negative statistic) effects of medium length intervals (10's
to 10 min), where under-production represents an acceleration effect.

Study Homogenous Intervals (s)  Effect size
sample
Bschor et al. (2004) Yes 35-90 0.84
Mundt et al. (1998) Yes 30-120 0.74
Miinzel, Gendner, Steinberg, Yes 10 0.37
and Raith (1988)

Oberfeld et al. (2014) Yes 60 0.21
Tysk (1984) No 20-30 -0.19
Kornbrot et al. (2013) No 11-64 —-0.67

Studies in bold represent non-homogenous samples that did not show an ac-
celeration effect.

remembering may change as intervals increase from being time-based to
event-based. They called for more research to be done regarding the
overlap between prospective remembering and interval production
tasks:

Research on prospectively made productions has mostly used in-
tervals on the order of seconds, whereas research on prospective
remembering has also used intervals on the order of minutes, hours,
days, and weeks. Different processes may apply if the target time is
hours, days, or weeks in the future. Perhaps the nominally time-
based situation becomes more like an event-based situation as the
target time is extended further into the future. At the very least,
researchers should systematically explore the effects of interval
length. (p. 35).

In parallel with these recommendations, we argue that the mode of
prospective time judgement in production tasks changes as intervals
increase from around 1 s of the experienced moment into the 30 s range
of mental presence. Increased reliance on memory implies that longer
prospective tasks become quasi-retrospective, so a simple binary of
prospective-retrospective is inadequate to describe intervals that blend
the two. The present paper adds a third mode of judgement called in-
trospective time judgement that is prospective by virtue of the fact that
attention is knowingly paid to time, but also quasi-retrospective in that
it relies heavily on WM reconstruction.

Under this interpretation, it seems necessary that there is a transi-
tional range somewhere between a few seconds and a few minutes
where prospective interval timing tasks switch from being primarily
time-based and attentional to primarily event-based and dependent on
memory. An introspective transitional range would be consistent with
Wittmann's (2011) notion that the experienced moment and mental
presence refer to different ranges of activity and also different under-
lying cognitive processes. Production tasks within this transitional
range are potentially relevant to time perception in depression. Sad
mood and depression have been shown to interfere with prospective
memory performance (Kliegel et al., 2005; Rude, Hertel, Jarrold,
Covich, & Hedlund, 1999), and so there is potential to discern the
transition in time perception studies of depressive states.

5. Time judgement in depression

As above, the recent meta-analysis by Thones and Oberfeld (2015)
found that clinically depressed people tend to overproduce relatively
short intervals (< 10s) and under-produce relatively long intervals
(> 10min). In line with the model illustrated in Fig. 1 above, it is
proposed here that dilation refers to both the slow experience and de-
layed judgement of intervals within range of the 1s experienced mo-
ment. Depressed individuals experience a slowing of the 1 s experienced
moment and this effect causes an overproduction of short intervals
between 1 and 10 s as found by Thones and Oberfeld (2015). The meta-
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analysis also defined a medium duration range of 10s-10min but,
despite the fact that four of the six studies in this range found evidence
of underproduction, meta-analytic results did not show an acceleration
effect.

However, methodological issues in the two studies that did not show
an acceleration effect of medium durations caused the meta-analytic
effect-size to be underestimated. Firstly, Tysk (1984) conflated unipolar
depressed and bipolar patients into a single “melancholic” group. This
is despite current evidence that up to 40% of bipolar patients experi-
ence mixed episodes of mania with depressive symptoms or, more
problematically, depressive episodes with manic symptoms (Fagiolini
et al., 2015). Heterogeneous groups were identified as a confound by
Bschor et al. (2004) and viewed as a source of contradictory results. A
heterogenous unipolar-bipolar group in Tysk (1984) may have moder-
ated any acceleration effect.

Secondly, the Kornbrot et al. (2013) study only partly satisfied the
first meta-analytic criterion employed by Thones and Oberfeld (2015)
to include “data from a group of depressive patients” (p. 362) because it
also included an unspecified number of non-clinically depressed in-
dividuals with a Beck Depression Inventory (BDI) score as low as 7 (i.e.,
minimal depression) after median split. As a result, participants in the
Kornbrot et al. (2013) study were on average only mildly depressed
(BDI, M = 12.5) compared to the moderate-to-severely depressed par-
ticipants in the Mundt, Richter, van Hees, and Stumpf (1998; BDI, M =
26.8), Oberfeld, Thones, Palayoor, and Hecht (2014; BDI, M = 21.5),
and Bschor et al. (2004; Hamilton Depression Rating Scale, M = 17.3)
studies. It is arguable, therefore, that the sample is neither a homo-
genous group of clinically depressed individuals in itself, nor part of a
homogenous set of clinical samples for meta-analysis.

Perhaps due to inhomogenous samples, and as shown in Table 1, the
Tysk (1984) and Kornbrot et al. (2013) studies demonstrated effects
opposite to the remaining four studies that showed depressive accel-
eration of productions in the 30 s WM range of mental presence. A re-
plicated meta-analysis of the remaining four studies, using a classical
random effects model and DerSimonian-Laird estimation technique in
R, showed that the studies were not significantly heterogenous (Q
(3) = 3.25, p = .35, Tau = 0.084, iZ = 7.75%) and that the medium-
sized acceleration effect was significant (Hedge's g = 0.55, 95%
CI = 0.25-0.84, p = .0003). Although only four comparable experi-
ments have been performed using a homogenous group of moderate- to
severely-depressed participants, their combined effect suggests that, in
addition to clinically depressed people experiencing time as dilated in
the experienced moment, when those moments are expanded to en-
compass larger intervals of WM, time becomes accelerated in medium-
range (10-120 s) interval production tasks.

6. Time acceleration in depression

Assuming an acceleration effect is thus demonstrated meta-analy-
tically, the model proposed below contrasts dilation of present experi-
ence and acceleration of immediately recalled mental presence in WM.
As illustrated in Fig. 1, above, it is possible to dissociate the neural
networks associated with dilated experience and accelerated mental
presence. Subjective time dilation has been experimentally linked to
default mode network activity using intervals in range of the 1s ex-
perienced moment (van Wassenhove et al., 2011), and depression has
also been linked to increased default mode activity via self-referential
or emotional processing (Grimm et al., 2009; Sheline et al., 2009). The
default mode network, as the name suggests, is a network of brain areas
where activity decreases from baseline during the performance of goal-
directed behaviours (Raichle et al., 2001). It is also linked to diverse
cognitive functions such as autobiographical memory, prospection and
theory of mind (Spreng & Grady, 2010; Spreng, Mar, & Kim, 2009),
temporal awareness (Lloyd, 2012) and consciousness (Vanhaudenhuyse
et al., 2009). These associations explain the relationship between the
default mode network, conscious experience and time dilation of
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relatively short intervals as proposed by Kent (2019).

Depressive time acceleration of relatively long intervals, on the
other hand, is more likely a function of the central executive network
and WM processes, which have also been shown to be impaired by
clinical depression (Christopher & MacDonald, 2005; Joormann &
Gotlib, 2008; Rose & Ebmeier, 2006). As illustrated in Fig. 1, above, the
default mode and central executive networks affect different aspects of
time perception and, during depression, these effects manifest as a
slowing of short timescales and quickening of longer timescales. This is
an inversion of a psychophysical principle typically applied to re-
production tasks known as Vierordt's law, which states that people tend
to over-reproduce shorter durations, under-reproduce longer durations,
and be accurate at a duration known as the indifference interval
somewhere between 1.5 and 3.5s (Lejeune & Wearden, 2009). Rather
than a relatively narrow and short range of indifference intervals, the
proposal here is that there is an indifference range of intervals from a
few seconds up to approximately 30 s representing the transition from
time-based to event-based prospective memory (Block & Zakay, 2006)
in the operational range of WM and mental presence (Wittmann, 2011).
This means that depressed people may be more accurate at producing
particular intervals in the transitional range, while tending to over-
produce shorter intervals and under-produce longer intervals.

There is some evidence that this is in fact the case. Although not a
clinical sample, Kornbrot et al. (2013) found a “depressive realism ef-
fect” in a production task of intervals between 2 and 64 s. People with
higher levels of depressive symptoms were more accurate than people
with lower symptom levels and were close to accurate at around 305,
precisely in the range of WM mental presence (Wittmann, 2011). Al-
though this was not a uniformly clinically depressed group, the results
are suggestive of increased accuracy over the transitional range. An-
other study by Bschor et al. (2004) found that clinically depressed
people overproduced a 7 s interval but under-produced a 35 s interval,
suggesting that the indifference interval lies between 20 and 25 s, again
in the transitional range. A further study by Mundt et al. (1998) also
found that clinically depressed people significantly under-produced 30 s
durations but not 10 s durations compared to controls, again suggesting
a transitional range around 20s. Note that the precise mid-point or
extent of the transitional range will also be partly determined by range
of intervals presented in the task and central tendency effects (Buhusi &
Meck, 2005; Lejeune & Wearden, 2009).

However, a more recent study by Oberfeld et al. (2014) found no
differences between depressed and control participants' productions of
0.5s, 2, and 60s intervals. They also found no effect of depressive
time dilation, contrary to the later meta-analysis by two of the same
authors (Thones & Oberfeld, 2015). The results of the experimental
study by Oberfeld et al. (2014) require closer consideration. It is pos-
sible, for example, that the production results may have been con-
founded by entrainment to the target intervals which were presented up
to 15 times in the preceding verbal estimation condition. The essential
feature of interval production is that time is judged according to in-
ternal cues only, which may have been overridden by reference to the
same intervals having been externally cued many times prior to the
production task. There was also no graduation of intervals between 2 s
and 60 s, meaning that the 0.5s and 2 s intervals may have influenced
each other through a central tendency effect known to cause an aver-
aging between nearby intervals presented in the same set (Buhusi &
Meck, 2005; Lejeune & Wearden, 2009). The production of the two
short intervals in the Oberfeld et al. (2014) study may have migrated
towards the mean of the two already-entrained intervals (i.e., 1.255s).

Overall, there is some evidence for (Bschor et al., 2004; Kornbrot
et al., 2013; Mundt et al., 1998; Miinzel et al., 1988) and less evidence
against (Oberfeld et al., 2014; Tysk, 1984) a transition from over- to
under-production in the range of WM mental presence when depressed.
In the absence of definitive evidence, the only recourse is to direct and
indirect evidence presented above: (a) meta-analysis of production-task
data requires a transition (Thones & Oberfeld, 2015); (b) research into
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prospective memory implies a transition (Block & Zakay, 2006); (c)
time perception research provides a WM mechanism for transition
(Kent, 2019; Wittmann, 2011); and (d) depression research suggests
that productions around the 30s interval may be critical to under-
standing time judgement when depressed (Bschor et al., 2004; Kornbrot
et al.,, 2013; Mundt et al., 1998). The key point to make is that time
experience and judgement when depressed do not map onto each other
for intervals significantly longer than the experienced moment and,
given that depressive time dilation can explain overproduction of short
intervals, it is reasonable to assume that depressive time acceleration
explains the under-production of longer intervals.

7. Possible explanations

We argue that the re-analysed meta-analytic findings of Thones and
Oberfeld (2015) require explanations for three related phenomena: (a)
why production tasks are more affected than other tasks when de-
pressed; (b) why perception of empty intervals accelerates over in-
trospective intervals when depressed; and (c) what it means to dilate
short intervals and accelerate longer intervals.

7.1. Why are production tasks primarily affected by depression?

First, production tasks appeared to be the most affected because
production is the only task where the duration is not supplied to the
participant. Production tasks are uniquely reliant on generating an in-
terval ‘subjectively’, as it were, from a verbal cue (Bschor et al., 2004).
The model illustrated in Fig. 1, above, proposes that interoceptive cues
produced by the salience network, such as heartbeat and breathing rate,
create synchronous emotional moments that are then integrated into
the temporal flow of conscious experience by the default mode network
(Craig, 2009; Kent, 2019). Activity in the default mode network has
been associated with awareness of time (Lloyd, 2012), subjective time
dilation (van Wassenhove et al., 2011), and depression (Sheline et al.,
2009). The default mode is also generally active when task-related
cognitive processing load is low (Buckner, Andrews-Hanna, & Schacter,
2008; Raichle, 2015) and when thoughts are predominantly related to
the self (Sheline et al., 2009). It is therefore implicated in a range of
cognitive functions including prospection and autobiographical
memory (Spreng et al., 2009; Spreng & Grady, 2010).

Production tasks serve as a measure of cognitive load during a
concurrent task (Baldauf et al., 2009; Zakay & Shub, 1998), so there is a
clear distinction between default mode and central executive activity
during production tasks, with the latter being responsible for processing
task-relevant cognitive load and the former responsible for generating
task-irrelevant temporal awareness (Lloyd, 2012). In comparison to
other time perception methods, production tasks are better able to
distinguish between effects of major brain networks relevant to con-
scious time experience and time judgement over intervals of different
length (Kent, 2019).

The mechanism for acceleration between default mode and central
executive time perception during depression is attributed to the func-
tion of the salience network as a switch directing information to either
of the other two networks (Goulden et al., 2014; Sridharan, Levitin, &
Menon, 2008). During a cognitively-demanding task, highly-integrated
sensory information is directed to the central executive network for
processing, but during off-task periods of rest information is directed to
the default mode network (Sridharan et al., 2008). Depression severity
has been linked to poor connectivity within and between the three
major brain networks including: (a) aberrant connectivity within the
anterior insula cortex, a key node of the salience network; (b) aberrant
connectivity between the default mode and central executive networks;
and (c) increased connectivity between the right anterior insula cortex
and the default mode network (Manoliu et al., 2014). The salience
network also remains more active during off-task rest periods when
depressed (Wiebking et al., 2010), meaning interoceptive information is
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more salient and there is greater awareness of time (Lloyd, 2012). This
latter effect leads to depressive time dilation of the experienced mo-
ment and the sense that time is passing (present continuous tense)
slowly. An additional mechanism is required to explain the opposite
acceleration effect that occurs when reconstructing longer intervals in
WM to give the sense that time has passed (present perfect tense)
quickly when producing introspective intervals with low cognitive load.

7.2. Why do empty intervals accelerate as they get longer when depressed?

The second point to explain concerns the gradual acceleration of
time productions through the transitional range (< 30s) of in-
trospective WM and mental presence when depressed. Two cognitive
mechanisms are proposed: (a) mood congruency between boredom,
depression, and relatively long, empty intervals (Farmer & Sundberg,
1986; Zakay, 2014); and (b) reduced WM capacity within the episodic
buffer as a result of altered autobiographical memory.

First, boredom and depression have been shown to overlap sig-
nificantly (Farmer & Sundberg, 1986) and, along with default mode
network activity (Buckner et al., 2008; Raichle, 2015), boredom is
generally defined as a period when information processing loads are
low or sub-optimal (Zakay, 2014). A long, empty production task in-
terval is one such period when information processing load is low,
compared to an interval full of distractor tasks, for example. Danckert
and Allman (2005) showed that boredom-proneness becomes relevant
to time perception for intervals between 15 and 60s, with a trend
evident in the 30s transition range of WM. During these boring pro-
duction intervals, evidence suggests that depressed people will: (a)
experience greater intrusion of irrelevant thoughts that distract from
the task at hand (Ellis & Moore, 1999); and (b) recall information that is
mood-congruent between storage and recall (Bower, 1981; Ellis &
Moore, 1999). This means that higher levels of depression-relevant
information are more likely to be recalled during a boring, empty in-
terval.

Second, this mood congruency effect is likely to affect the type of
long-term reference memories depressed people use to produce inter-
vals in the transitional range (Block & Zakay, 2006). Reference memory
is a component of information processing models of interval timing
such as attentional-gate and scalar timing models (Allman et al., 2014;
Zakay & Block, 1995). Previous research points to autobiographical
long-term memories (ALTMs) as being central to the depressive ex-
perience: (a) depressed people are better able to recall negative than
positive events (Lloyd & Lishman, 1975); (b) stressful memories tend to
be more intrusive when depressed, and recovery from depression is
linked to the degree of intrusion by, and avoidance of, stressful mem-
ories (Brewin, Reynolds, & Tata, 1999); (c) memories tend to be non-
specific or over-general when depressed (Williams & Scott, 1988;
Williams, Teasdale, Segal, & Soulsby, 2000); and (d) the over-general
nature of depressive autobiographical memory is closely related to WM
capacity and executive control (Dalgleish et al., 2007). This means that
during relatively long, empty interval productions likely to make
boredom-proneness salient (Danckert & Allman, 2005), it is expected
that depressed individuals are more likely to experience intrusive, ne-
gative, and non-specific ALTMs that affect their WM capacity.

ALTMs affect WM processes and mental presence through the lim-
ited-capacity ‘episodic buffer’ introduced by Baddeley (2000) as an
additional component of the multimodal theory of WM that also in-
cludes the visuospatial sketchpad, phonological loop, and central ex-
ecutive. Further to this, Montemayor and Wittmann (2014) detailed
how ALTMs are incorporated into the episodic buffer and the 30 s WM
mental present:

The distinction between episodic short-term memory and long-term
memory of all kinds (e.g., semantic, episodic, autobiographical) is
crucial for the characterization of this third type of present...While
short-term memory would specify the availability of contents for
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cognitive integration, the contents of autobiographical long-term
memory form the impression of a stable self that endures through
time as part of the experience of reminiscing the past and planning
for the future. That is, the contents of autobiographical memory are
instantiated within the boundary of the mental present defined as the
temporal window of working memory. (p. 333, italics added).

If autobiographical memory is “instantiated within” (p. 333) the
“temporal window of working memory” (p. 333) of approximately 30 s
duration, then introspective judgements of intervals within the range of
30 s must incorporate ALTM within WM processes. This reinforces the
notion that the binary distinction between attention and memory pro-
cesses (Block & Zakay, 1997; Zakay, 2014) does not hold for in-
trospective time judgement.

Removing the distinction for introspective intervals does not,
however, change the nature of attention and memory effects on time
judgement. The contextual change model (Block & Reed, 1978) of
memory-based judgements still holds, which states that more time is
judged to have elapsed when more changes were encoded during, or
recalled after, an interval. For introspective production tasks, judge-
ment is partly based on the amount of contextual change expected to
occur during the interval based on reference memories previously en-
coded for similar durations.

As such, depressed individuals are likely to refer to non-specific
ALTMs that contain fewer contextual changes than non-depressed in-
dividuals. When employing WM to produce a relatively long, empty and
potentially boring interval (Danckert & Allman, 2005), the memories
they refer to must themselves be relatively ‘empty’ if they are to
overestimate how much time has passed and stop the interval early.
This effect is the mechanism proposed to account for depressive time
acceleration of introspective intervals in the approximate 30 s range of
WM.

Overall, this proposal suggests that the limited-capacity episodic
WM buffer of a depressed person is more likely to be filled by intrusive,
negative, nonspecific ALTMs than somebody who is not depressed. For
economy, the term negative memory mass will be used to refer to these
intrusive, negative, nonspecific ALTMs from now on. The term ‘mass’
conveys the nonspecific nature of memories that lack detail even
though they ‘fill’ the episodic buffer. As such, negative memory mass
will both: (a) fill WM capacity and the episodic buffer; and (b) act as the
reference memory used to judge the length of the interval as per at-
tentional-gate and scalar timing models of interval judgement (Allman
et al., 2014; Zakay & Block, 1995). However, due to its nonspecific
nature, memory mass does not represent a large amount of contextual
change and so, according to the contextual change model for re-
membered durations (Block & Reed, 1978; Block & Zakay, 1997), the
amount of change expected to occur during introspective intervals will
be less and the interval will be stopped early in the approximate 30s
WM range of mental presence (Wittmann, 2011).

7.3. What does it mean to dilate shorter intervals and accelerate longer
intervals?

We, therefore, propose that depressed individuals' judgement of
time accelerates from a state of relative time dilation within the 1s
experienced present to a state of relative time acceleration within the
30 s mental present during empty, boring intervals. To summarize this
process step-by-step: (a) when people are depressed (or bored), time
appears to flow slowly within the 1 s experienced present because more
attention is paid to time (Block & Reed, 1978; Thones & Oberfeld, 2015;
Zakay, 2014; Zakay & Block, 1995; Zakay & Block, 1996) and inter-
oceptive information is more salient (Manoliu et al., 2014; Wiebking
et al., 2010); (b) during longer empty intervals, depressed people au-
tomatically recall more negative memory mass as reference memories
within their WM episodic buffer (Dalgleish et al., 2007; Lloyd &
Lishman, 1975; Williams et al., 2000); and (c) due to the higher
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proportion of less changeable memories available in the WM episodic
buffer, the contextual change model predicts that intervals around 30 s
will not be expected to last as long and therefore become accelerated
(Baddeley, 2000; Block & Reed, 1978; Block & Zakay, 2006;
Montemayor & Wittmann, 2014; Wittmann, 2011; Zakay, 2014).

With this in mind, the relation between time judgement and time
experience is made understandable. Prospective temporal flow is ex-
perienced within a short 1s window and is the flow referred to when
people report time as: (a) slow when depressed or bored (Thones &
Oberfeld, 2015; Zakay, 2014); or (b) fast when experiencing a flow state
during an intrinsically rewarding and challenging experience
(Csikszentmihalyi, 1975; Nakamura & Csikszentmihalyi, 2002, 2014).
Introspective temporal flow is that which is mentally estimated within
the longer 30 s window and what people refer to when they feel they
are under ‘time pressure’, an effect that has been demonstrated to ac-
celerate interval productions between 30 and 90s (Rattat, Matha, &
Cegarra, 2018), precisely in the range of WM mental presence. Even
though time pressure itself can promote positive or negative effects on
wellbeing (Widmer, Semmer, Kilin, Jacobshagen, & Meier, 2012), it
has nevertheless been shown to be associated with negative mood,
emotional irritation, and depression (Hoge, 2009; Roxburgh, 2004,
2012; Teuchmann, Totterdell, & Parker, 1999).

Depression may therefore affect both prospective and introspective
temporal flow by slowing down experience while applying time pres-
sure (acceleration) to mental presence. Time pressure can be defined as
a situation likely to increase arousal and so increase the number of time
units perceived during an interval (Glicksohn, 2001). Alternatively,
acceleration in depression could also be defined as an impairment of
sustained attention, which has been shown to affect depressed people's
production of relatively long intervals (Sévigny, Everett, & Grondin,
2003), and so to gradually decrease the size of corresponding time units
(Glicksohn, 2001). Within this interpretation, it is important to clearly
identify whether arousal or attention is the factor accelerating or di-
lating time perception. Glicksohn (2001) formulates the distinction in
terms of the limits of time perception and the experience of ‘time-
lessness’™:

In fact, there are two theoretical ways to achieve the state of time-
lessness. As suggested above, one path is via meditation (hypoar-
ousal), inducing a longer and longer subjective time unit, which
becomes the limiting case of the flow of time as all attentional re-
sources are allocated in inward reflection...But consider the case of
hyperarousal (e.g., extreme stress, such as experienced in near death
situations)...As the train of subjective time units accelerates, with
each subjective time unit becoming smaller and smaller in exten-
sion, then the limit is reached, much as when a temporal “critical
flicker fusion” is realized...The individual subjective time units then
become fused into one. (p. 12).

Assuming that depressive time dilation is a form of timelessness
(i.e., time has slowed almost to a stop) then there are two potential
causes of overproduction of short intervals: 1) ‘large’ time units; or 2)
‘slow’ pacemaker. There are also two possible causes of under-
production of long intervals: 1) ‘small’ time units; or 2) ‘fast’ pace-
maker.

Sévigny et al. (2003) showed that the acceleration of longer inter-
vals when depressed is due to poor sustained attention, implying that
attention may be the primary driver of depressive time acceleration and
depression. Consistent with this view, van Wassenhove et al. (2011)
concluded that dilation of short 1s intervals is not attributable to
arousal of the salience network but rather ‘self-referential processes’ of
the default mode network. Self-referential processes are very similar to
Glicksohn's (2001) “inward reflection” and so, on both these accounts,
subjective time dilation/acceleration in depression is most likely at-
tentional. This means that, in Glicksohn's (2001) model, time units
become smaller as time experience accelerates in depression. The cur-
rent paper proposes that this gradual ‘shrinking’ of time units occurs
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because reference LTMs are ‘shorter’ when reconstructed in WM ac-
cording to the low prevalence of contextual change due to memory
mass.

In this sense, time is directly experienced as flowing slowly but
estimated as though it is flowing relatively quickly, implying that jud-
gement type (production), modality (experience versus judgement),
and duration (short versus long) are all necessary to show the effect in
depression. The rate of subjective temporal flow is a function of in-
terval, in other words. To coin a term, time gradually flies when you are
depressed. To some extent, this acceleration principle unifies dynamics
of time judgement and time experience under a single time ‘sense’
(Bschor et al., 2004). Judgement and experience arise from the same
overall perception that blends attentional, WM and LTM processes.

Depression is interpreted as the tendency to experience this accel-
eration effect to a greater degree so that there is a greater discrepancy
between short-range prospective and medium-range introspective
temporal flow. This discrepancy entails greater variability in experience
and judgement due to acceleration of the internal timing mechanisms,
whether classical (Allman et al., 2014) or Bayesian (Shi, Church, &
Meck, 2013), as intervals increase. Recent theories support such a no-
tion. For example, Northoff (2018) recently proposed that the spatio-
temporal characteristics of depression may be influenced by increased
neuronal variability in the default mode network. Acceleration over time
is therefore the key concept linking the phenomenal and cognitive as-
pects of time perception when depressed, as opposed to the in-
stantaneous dilation of time in the experienced moment.

This situation is alluded to in the following excerpt from Block and
Zakay's (1997) meta-analysis of prospective and retrospective timing
tasks:

Most theorists think that retrospective duration judgments increase
as a function of the amount of stored and retrieved information, or
storage size..., the number of remembered changes..., the number of
encoded and available contextual changes..., or the degree of seg-
mentation of events during the time period... Thus, theorists typi-
cally propose memory-based models. Attention to time may play
little or no role in remembered duration unless a person has little
information to process, frequent feelings of boredom, and so on.
Such conditions may arouse a temporal motive. (p. 185).

The congruency between boring, empty production tasks and de-
pression is precisely one of those situations likely to “arouse a temporal
motive” (p. 185) in which attention to time within the 1 s experienced
present becomes important to the memory processes required to esti-
mate longer durations. Slow prospective temporal flow (i.e., depressive
time dilation) prompts more memory mass to fill the WM episodic
buffer, increasing the relative number of perceived perceptual changes
compared to the number of contextual changes present in reference
memory. It is this relativistic trade-off between perception and memory
that is of key interest for future research.

8. Acceleration and relativity

With these three explanations in mind, the broader implications of
introspective acceleration can be discussed, in particular the relation-
ship between physical and psychological definitions of time. Before
proceeding with this analysis, it is important to emphasise that time
perception research need not ‘reinvent the wheel’ when it comes to
modelling and explaining temporal phenomena. Physics has been
grappling with the multifarious nature of time but, perhaps unlike
psychological theory, it has arrived at a consensual model of time and
space, namely relativity theory. Psychological time shares this central
feature with physical time in that it appears to be relative (i.e., speed up
and slow down) to the context.

Some work has already been done to align psychological and phy-
sical theories of time. For example, Buhusi and Meck (2009) showed
that the relative length of target and distractor variables affects
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judgement. They found that rats' timing behaviours varied depending
on the length of the target interval (10-90 s) versus the relative salience
of a distracting interval gap (1, 3 and 10s). The longer the gap was in
relation to the target, the more likely the rats were to ‘reset’ the psy-
chological ‘clock’ used to time the target interval, as opposed to merely
‘stopping’ or continuing to ‘run’ it. Resetting the psychological clock
caused greater delay in timing judgements than either stopping or
running. The gap length was judged relative to the length of the en-
trained criterion. The authors explained this phenomenon with re-
ference to Einstein's (1920) ‘special’ theory of relativity by concluding
that multiple clocks arrive at different judgements of interval length
depending on their own temporal properties (i.e., trained interval
length).

Einstein's (1920) special theory of relativity describes time dilation
effects under conditions of constant motion (i.e., no acceleration), such
that a moving clock ticks slowly from the point of view of an observer
‘at rest’. The amount of dilation is directly proportionate to the motion
of a moving clock relative to a stationary clock. Buhusi and Meck
(2009) drew an analogy between the delayed activity of psychological
‘clocks’ and the dilation of physical clocks in uniform motion. They also
proposed the rate of decay of WM activity as a causal mechanism for
relativistic judgement. The larger an interval gap is relative to the target
interval, the more quickly WM activity should decay during the interval
gap. The more quickly WM decays, the more likely the ‘clock’ will be
reset and the more judgement will be delayed. WM decay is therefore
an analogue of motion with relativistic effects.

The above depiction of time dilation and acceleration in depression
shows a similar interaction between interval and timing except that, in
this case, there is no distractor interval and the delay/dilation can re-
verse to become anticipation/acceleration. Comparison with special
relativity is not able to explain this latter phenomenon because, given
that both the moving and stationary clocks register each other as di-
lated, special relativity is symmetrical with regards to dilation
(Einstein, 1920). This is analogous to time dilation during depression
when both the depressed individual and objective clock judge the other
as delayed, dilated or slow. However, time acceleration in depression
means that the relationship between the depressed observer and ob-
jective clock time is no longer symmetrical. The depressed individual
still judges experienced time as dilated but the clock judges the de-
pressed individual as accelerated. From the clock's point of view, the
depressed person changes from responding too slowly (i.e., over-
production) to responding too quickly (i.e., underproduction).

This asymmetrical feature of depressive time acceleration is more
reminiscent of Einstein's (1920) ‘general’ theory of relativity which
explains how gravitational time dilation varies (i.e., accelerates) ac-
cording to two variables: mass and distance. An observer at a fixed
interval from a central mass will measure a clock that is closer to the
mass as dilated and a clock that is further away as accelerated. The
difference in dilation/acceleration between closer and further clocks is
also greater when there is more central mass. At the extreme, a clock
close to the surface of a supermassive object (i.e., a black hole) will
appear to slow to the point of stopping from the point of view of an
observer further away (Misner et al., 1973). As such, general relativity
describes a gravitational field as a field of acceleration determined by
mass and distance.

The analogy here is that: (a) greater levels of boredom and/or de-
pression create greater levels of non-specific memory mass; and (b)
time dilation at short interval ranges of the 1s experienced moment
accelerates over longer intervals of 30s mental presence. From the
clock's point of view, the timing of a dilated/depressed individual ac-
celerates as the interval increases, which is precisely the situation in a
gravitational field when clocks accelerate with distance from a central
mass.

Therefore, the principle of depressive time dilation/acceleration
outlined above accords with Einstein's (1920) general relativity theory
of gravity because it explains properties of psychological time in terms
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of the same three variables: mass, interval (distance), and acceleration.
The greater the tendency towards depression and/or boredom during
introspective production intervals, the greater the memory mass re-
called as a reference memory used to judge the interval in WM, and the
more quickly a clock will measure the response compared to shorter
prospective intervals.

9. Limitations

The meta-analysis of four studies requires further data to confirm
the existence of depressive time acceleration. This limitation notwith-
standing, it must be emphasized that the analogy with physics is not a
literal or even figurative association between depression, darkness,
down-ness, and gravity. The explanation is made purely in technical
and conceptual terms of dilation, acceleration, mass, interval, and re-
ference frames. Recent phenomenological work has been done de-
scribing the varieties of depressive temporal experience and they con-
stitute a somewhat separate argument to the technical analogy being
proposed here (Ratcliffe, 2012; Stanghellini et al., 2017). Application of
a strict analogy is similar to theoretical approaches using quantum
probability theory to model judgement errors (Busemeyer, Pothos,
Franco, & Trueblood, 2011), similarity judgements (Pothos, Busemeyer,
& Trueblood, 2013), and causal reasoning (Trueblood & Busemeyer,
2012). All that these theories borrow from physics is the conceptual and
statistical framework to show that psychological and physical processes
follow qualitatively and quantifiably similar patterns. The current ex-
planation of time dilation and acceleration in depression uses the same
approach to model time experience and judgement.

Previous research besides Buhusi and Meck's (2009) has explored
the association between perception and relativity theory. Miisseler
(1999) reviewed evidence for a relativistic interpretation of visual
perceptual contraction phenomena, the corollary of time dilation, and
concluded that more evidence was required to fit information-proces-
sing accounts of motion perception within the conceptual framework of
special relativity. Some early progress has been made. For example,
time dilation and length contraction effects have been demonstrated for
objects moving across the visual field (Caelli, Hoffman, & Lindman,
1978), but studies such as these are not conclusively in favor of a strict
analogy between physical and psychological relativity.

10. Conclusion

Meta-analysis of depressed samples' performance on time produc-
tion tasks suggests that, in contrast to the initial dilation of conscious
time experience over short intervals, time judgement of longer intervals
accelerates in WM. Whereas dilated experience is most likely due to
activity in the default mode network, the acceleration effect can be
explained in terms of mood congruency, automatic recall of non-spe-
cific reference memories, and the contextual change model of duration
estimation. This explanation expands previous work on the relativistic
nature of time judgement in WM by showing how psychological time
accelerates in a similar way to physical time. It also unites time ex-
perience and judgement under a single theoretical model of time per-
ception.
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