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Abstract

We aim to recast the famous debate between Albert Einstein and Henri Bergson
in 1922 in the context of contemporary psychology and neuroscience as informed
by phenomenological analysis. We show that their disagreement is not as deep
as has been considered previously, including Einstein and Bergson themselves.
We argue that Bergson’s dynamic view of consciousness as time constituting
complements embodied models of time consciousness in modern neuropheno-
menological approaches. The phenomenological unity of time and self, includ-
ing its inherent dynamism, is similar to that of recent neurophysiological con-
ceptualizations, which suggest that the constantly ongoing integration of
somatic signals over time generates a floating experience of the emotional self
across moments of self-awareness. Embodied concepts of consciousness are
thus grounded in the dynamic processes constituting the living body. We high-
light empirical evidence informed by recent neurophysiological studies showing
that the experience of time and the explicit judgment of duration are governed
by emotional and visceral processes which share a common underlying neural
processing system, the interoceptive system. Especially the insular cortex has
shown to be related to the judgment of time as dependent on bodily and emo-
tional states.

1 Introduction: the Debate between Einstein and
Bergson

The enormous cultural and scientific significance of the debate between Albert
Einstein and Henri Bergson has been amply documented.¹As the scholarship on
this momentous debate shows, academics and the public at large at the moment
of the first encounter between Einstein and Bergson were quite divided, some
firmly siding with Bergson against Einstein and vice versa. Einstein was probably
quite concerned about the criticisms from Bergson, but eventually, Einstein

 See Canales (2015); (2016).
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gained the upper hand among both the scientific community and the public. To
this day, the debate is considered as a clash between two towering figures with
radically opposite views, and many would consider Bergson’s perspective as ei-
ther confused or not really in line with science.

Even at the time of their initial debate on April 6, 1922, and in spite of Berg-
son’s reputation as one of the greatest philosophers at that time,² Bergson faced
harsh criticism as a confused and irrational thinker.³ This polarization of the de-
bate quickly took it into dramatic proportions. Rationality and scientific method-
ology was associated with Einstein by his supporters, who thought of Bergson as
a cult figure who promoted mystical approaches to the crucial topic of the nature
of time. But Bergson’s supporters thought of his criticism as an enormously im-
portant attack on a reductive and mechanistic perspective that deprived our view
of the world of its natural vitality, turning it into a world of frozen relations—in
the case of time, “a frozen grid that scientists call spacetime” (Montemayor 2013,
xi), also known as the “block-universe”.

Einstein famously took the passage of time to be a stubborn illusion. Berg-
son, by contrast, considered time as the foundation of vitality, or impulses, as
well as of all dynamic and meaningful relations, including the sensorial proper-
ties we are conscious of. Is their debate, thus portrayed, between a view that
presents reality as a set of frozen relations versus a view that reduces objective
temporal properties to impulses and vital forces? A debate between the mecha-
nistic agenda of scientific superiority and a view of the world based on the
human spirit? On this superficial reading of the debate many distinctions
would disappear from view; we would miss important nuances of how Einstein
and Bergson clarified their views in interactions with other thinkers. In particu-
lar, we would ignore Bergson’s constant interest in mathematics and physics as
well as Einstein’s interest in the question of what could explain the illusion of
time.

Although there is some truth to the claim that this debate is a stark illustra-
tion of “a world largely split into science and the rest” (Canales 2015, 7), we be-
lieve contemporary neuroscience and current psychological approaches to phe-
nomenology have much to offer to the project of recasting and reinterpreting this
debate in new and insightful ways. It is not our purpose to settle the debate or
claim a definitive interpretation of it. Our main claim is that if one understands
Bergson as a phenomenologist with specific claims about the psychology of
time, then the alleged chasm between Einstein’s scientific side and Bergson’s un-

 See Dewey (1912).
 See Berlin (1935); Russell (1912).
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scientific and irrational side starts to close and vanish. Isaiah Berlin gives us a
clue as to how we can approach Bergson’s perspective in his criticism of Berg-
son’s work. Jimena Canales writes: “The historian and theorist Isaiah Berlin as-
sociated him [Bergson] with the ‘abandonment of rigorous critical standards and
the substitution in their place of casual emotional responses’” (Canales 2015, 13).

Surely, there is a place for the role emotion and consciousness play in our
lives, and there are certainly scientific approaches to time consciousness. Berg-
son is not typically considered a phenomenologist, a lineage that is associated
with Edmund Husserl and his students, who actually distanced themselves
from Bergson (Canales 2015, 139–152). We briefly explore this issue in section
3, but it is important to appreciate that Bergson’s emphasis on time as experi-
enced through the vitality of emotions, motivations, and conscious awareness
is a central topic of contemporary neuroscience.⁴ The main point of this discus-
sion is to show that, given the current evidence on the issues Bergson’s philos-
ophy revolved around, his seemingly titanic disagreement with Einstein might be
based on an unfortunate misunderstanding, given the contemporary perspec-
tives on time in metaphysics and psychology. On the one hand, Einstein is
right in insisting on the mind-independent character of temporal relations, as
the next section shows. On the other hand, Bergson is also right in insisting
on the importance of experienced time as essential to our understanding of our-
selves, as section 3 shows. These are both plausible and even complementary
perspectives on time. As mentioned, the key to appreciate how they might be
complementary is to understand this debate in the light of contemporary neuro-
scientific approaches to the psychology and phenomenology of time. In other
words, science has changed dramatically in the fields of cognitive psychology
and neuroscience, providing empirical evidence that Einstein and Bergson did
not have available. Recasting the debate between Einstein and Bergson under
the light of contemporary psychology shows that their disagreement is not as
deep as has been interpreted so far, and certainly not as deep as both Einstein
and Bergson took it to be.

2 Metaphysical Implications of the
Einstein-Bergson Debate

In what sense was Einstein right when he said that “the time of the philosophers
did not exist” (Canales 2015, 5; Il n’y a donc pas un temps des philosophes). Dur-

 See, e.g., Damasio (1999); Craig (2015).
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ing the event in which Einstein met Bergson, Einstein clarified what he meant by
this. Canales reports: “What Einstein said next that evening was even more con-
troversial: ‘There remains only a psychological time that differs from the physi-
cist’s. At that very moment, Einstein laid down the gauntlet by considering as
valid only two ways of understanding time: physical and psychological” (Ca-
nales 2015, 5). What kind of challenge is this? Can there really be a third time,
besides the physical and the psychological?

Canales describes Bergson’s response to this challenge as follows: “The sim-
ple, dualistic perspective on time advocated by Einstein appalled Bergson. The
philosopher responded by writing a whole book dedicated to confronting Ein-
stein. His theory is “a metaphysics grafted upon science, it is not science” (Berg-
son 1999, 47). The book in question, Duration and Simultaneity, lays out a concep-
tion of time that identifies time with the continuity of our inner life, not as a
stage with subsequent and discrete parts or transitional snapshots, but as a
vital flow that determines duration itself, in opposition to everything that is rig-
idly and metrically determined. Kant famously also identified time with the
“inner sense” of our minds, and said that it is in this inner intuition that we ar-
rive at our knowledge of arithmetic —as opposed to geometry, which is based on
our intuition of space or “outer sense”. Interestingly, Bergson believes this is a
recapitulation of the scientific perspective Newton favored in terms of absolute
time and space (Kant’s purpose is to defend the Newtonian system). Thus, per-
haps the best way to characterize Bergson’s account of time as the vitally creative
force of duration in “our lives” is to define it as a non-metric experience, or a
conscious experience that cannot be reduced to any metric relation, such as si-
multaneity, temporal order, or “clock-based” duration. As discussed further
below, this is an approach the phenomenological movement, notably Edmund
Husserl, favored and elaborated on.

But surely metric relations matter to how our perception and experience of
time are structured. Bergson and Einstein could not know all the details at the
time of their debate, but cognitive scientists now have provided ample evidence
showing that the circadian clock and a short “stop-watch” clock are very impor-
tant to how we perceive time. Both clocks are “psychological” in Einstein’s
sense, because they help us represent environmental relations in terms of the
temporal properties of events (see Montemayor 2013, for a philosophical account
of how these clocks generate representations that ground justified beliefs about
time). This is psychological time, but it fundamentally depends on the activity of
clocks: neurally instantiated time-keepers. So metric relations matter, and must
be somehow reconciled with the vital duration we experience with emotions.

What about the phenomenology of time, or what Bergson describes as the
transcendental nature of the flow and unity of our experiences? It may be
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more productive to think of it, not as a third kind of time,what Einstein calls “the
time of the philosophers”. Instead, reflections about the phenomenology of time
should be informed by our knowledge concerning physical and psychological
time. The phenomenology of time cannot be completely independent from phys-
ical and psychological time and in that sense, a dualistic account is foundational
in order to understand the flow of time. But also, the situation is not fully reduc-
tive —the non-metric character of the flow and phenomenology of time needs to
be explained. Even if Einstein is right and the flow of time is illusory, we must
explain what produces such an illusion.

A dual model of time perception explains some of the key features addressed
by both Einstein and Bergson. Brief scales of time in the millisecond range are
directly linked to temporal features of the environment but at the seconds’
stage, the phenomenology of presence starts weaving all the contents of our con-
scious awareness in a unity that transcends the previous metric structures (Mon-
temayor and Wittmann 2014). The experiential and visceral vitality of our emo-
tions and agency, which are the central focus of Bergson’s account of time,
can be explained in terms of a dual model that distinguish agency from early
sensorial temporal processing (Montemayor 2017a), unconscious processing
from visceral and arousal-related temporal awareness (Montemayor 2017b) and
with respect to the present, a phenomenal present from a sensorial present
(Montemayor 2013). Early sensorial processing concerning the relations of time
order and simultaneity may occur without conscious awareness at the first
stage of processing (a pre-agential processing). Then the agent is equipped
with the necessary representational framework for integrating arousal-related in-
formation with her overall conscious experience in the phenomenal present (dis-
tinct from the sensorial present that relates stimuli in terms of simultaneity).
Thus, Bergson’s account of time based on emotions and agency is compatible
with the perception of metric properties, associated with time in physics (involv-
ing the relations of simultaneity, temporal order, and duration).

So, what exactly are the metaphysical implications of Einstein’s challenge to
Bergson? One can accept Einstein’s characterization of a dualistic approach to
time, as well as most of what he said about physical time in opposition to Berg-
son, partly based on the psychological findings and proposals just mentioned. In
addition, as will be explained in the next section, one can still justify the impor-
tance of the phenomenological project formulated by Bergson. These are not an-
tagonistic or irreconcilable tasks. From an epistemic point of view, our beliefs
about temporal relation need to be justified and for this we need the environ-
mentally-based metric relations of simultaneity, duration, and time order.

Bergson’s characterization of Einstein’s view as “metaphysics grafted upon
science” cannot be right without some clarification. As Reichenbach (1958) ex-
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plains, it is because of Einstein’s theory of Relativity that we have arrived at an
empirically testable theory of time and space that is also susceptible of rigorous
mathematical formalization, unlike all the preceding views on time and space
which depended on axiomatic first principles and a priori intuitions. This is a
complex issue⁵ and we will examine this claim from a phenomenological per-
spective in the next section. But the main point is that Einstein’s contribution
to the study of space and time was deeply philosophical. Reichenbach (1958) ar-
gues extensively for the case that Einstein transformed the epistemology of space
and time by updating it with ideas that are equally applicable the psychological
space and time as well as physical spacetime. Reichenbach shows that coordina-
tive definitions are essential for the empirical, rather than strictly a priori, study
of space and time and that these coordinative principles must be in place any
time one asks the questions concerning what is the actual geometry of a space
and time given conventions about rigid bodies —again, including psychological
space and time (e.g., visual, auditory, proprioceptive). Bergson’s general state-
ment that Einstein’s theory is “metaphysics grafted upon science”misses entirely
this point.

If Einstein is right, and there are only physical and psychological time, what
follows for the metaphysics of time? As mentioned, one immediate implication is
the approach to this issue, shifting from exclusively a priori or armchair perspec-
tives to a posteriori or empirical ones (Reichenbach takes this to be the most im-
portant contribution of Einstein, particularly against Kant). We offer in the con-
cluding sections evidence for both psychological time and the phenomenology
of time, as the latter functions as the informative basis of the former, thus con-
firming this implication. Crucially, all of the contemporary metaphysical views of
time are attempts at addressing Einstein’s theory. While Einstein seems to have
favored a block view of the universe in which change or passage of time have
no place and the present is not unique, many recent views of time modify the
strict requirements of the block universe to accommodate either change or pas-
sage.⁶

For instance, scientific theories of static time similar to the block universe
explain our experience of the passage of time by appealing to neuroscience,⁷
or by proposing that while events might be objectively static, change does
occur in terms of temporal order in relation to the emergent macroscopic proper-
ties that we associate with psychological time.⁸ So-called “Growing Block” the-

 See Ryckman (2005).
 See contributions in Dolev and Roubach (2016).
 See Barbour (1997).
 See Rovelli (2018a); (2018b).
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ories appeal to real becoming,⁹ in a way that depends on a moment that can be
characterized as the “now” involved in the passage of time.¹⁰ Arguably, any theo-
ry that appeals to a moment in which time branches, or in which there is a spot-
light that demarcates the Growing Block of spacetime is presumably a view that
depends on a kind of objective characterization of the present moment as
uniquely relevant for demarcating the boundary between the real and the possi-
ble.¹¹ However, there are convincing arguments showing that passage can be ac-
commodated in a block universe view,without making our experience of passage
fundamental or primitive.¹² These are all metaphysical and scientific views of
time that try to accommodate the kind of passage that seems to have been, at
least partly, the focus of Bergson’s theory of time. Contemporary versions of
the A theory dispense with such a robust understanding of passage, for instance
by emphasizing instead property instantiation.¹³ While there are intricate issues
concerning the topology, metric, and other metaphysical aspects of time that are
relevant for the precise formulation of the A and B theories, our focus here is on
how Einstein and Bergson understood the physics of time in relation to psychol-
ogy.

Bergson’s charge against Einstein’s theory, namely that it inadequately in-
jects metaphysics into physics, has not aged well. Most contemporary philoso-
phers and scientists find various philosophical insights in Einstein’s theory, in-
cluding unprecedented epistemological insights about the nature of spacetime.
But the relation between the psychological and the phenomenological remains
a crucial difficulty. Einstein might be right that there is no “third time” of the phi-
losophers, but surely simply saying that there is psychological and physical time
is not enough. The “stubborn illusion” of time frames our life very deeply, as
Bergson described, and this phenomenon deserves careful explanation.

3 Phenomenological Implications of the
Einstein-Bergson Debate

Many of the observations Bergson made in his original debate with Einstein and
in subsequent exchanges are phenomenological. Interpreted as a phenomenolo-

 See Dowker (2014).
 See Smolin (2013); (2014); (2015).
 See Zimmerman (2008).
 See Skow (2015).
 See Sullivan (2012).
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gist, Bergson presents a series of epistemic points that Einstein should have
taken more seriously. In particular, Bergson’s characterization of time as irredu-
cible to discrete quantities or mechanical characterizations is one that plays a
very important role in the reception of Einstein’s theory within the physics com-
munity. These are issues concerning the conscious basis of metric relations, co-
ordinate systems and mathematics itself. Experienced duration is a vital unity
from which all these abstract characterizations of time emerge. This section illus-
trates how Bergson is not alone in making these points, and in fact, he is in il-
lustrious scientific company. The concluding sections show how contemporary
approaches to neuroscience and phenomenology can be used to update and re-
interpret the Einstein and Bergson debate.

Hermann Weyl explicitly addressed the problem of “how to bridge the gap or
‘chasm’ between the intuitive continua of space and time and the mathematical
continuum. Based on the work of Edmund Husserl, Weyl opted for phenomenal
time as the source of our intuitions of the mathematical continuum” (Montemay-
or 2012, 56). Bergson’s emphasis on the vital and life-dependent character of
phenomenal time are even more in line with current scientific evidence, as the
research on interoception discussed below demonstrates. But there is much in
common between the Husserlian approach and Bergson’s here. One can find
some of the same themes, and criticism to the mechanical view of reality initiat-
ed by Husserl and later by Heidegger in the work of Bergson. In a discussion on
the idea of duration contained in Time and Free Will (1889/1913), Bergson pro-
poses that consciousness presents the sequence and homogeneity of numbers
in a two-fold manner, as a discrete succession for cognition and as an underlying
unit, the unit of conscious awareness. In the unit of phenomenal time, nothing is
discrete and succession is replaced by seamless continuity. There is a very fun-
damental epistemic point about physics in these remarks, including the work
of Einstein, as Weyl famously argued in various scientific works:

The epistemological thesis that cognition in the exact natural sciences is the
joint (‘relative’) product of objective characterization in precise mathematical
concepts, and the subjective ‘immediate life of intuition’, belongs to transcen-
dental-phenomenological idealism. In its terms, the very sense of objectivity is
constituted within ‘transcendental subjectivity’, and accordingly, there must in-
deed be a vestige within the ‘objective world’ represented by the mathematical/
conceptual theories of physics of its ‘origin’ in the ‘absolute’ being of the given-to
consciousness. Through reflection on the applications of mathematics in physics,
Weyl recognized an ineliminable trace of the subjective source of all objectivity
in the arbitrary fixing of a local coordinate system (Ryckman 2005, 135).

The immediate life of intuition is grounded, according to Bergson, in the
very vitality of emotion and creative feeling. In time, this insight became a cru-

356 Marc Wittmann, Carlos Montemayor



cial assumption of the view called “the Embodied Theory” of the mind. Ideas
about embodiment also entered the debate surrounding how to best approach
the phenomenological project originated by Husserl. Merleau-Ponty, in particu-
lar, explored the bodily-based forms of spatiality and temporality that were in-
fused with expectation, emotion, and creativity, just the way Bergson envisioned
(more on this below, particularly with respect to findings on interoception). On
this Bergsonian account of the phenomenology of time, our experience of vitality
in time, in our lives, is a source not only of creativity and visceral engagement,
but also of attentive strategies towards formalizations that depend on the source
of the flow of life-time for their content, such as numerical and geometric ab-
stractions.

Thus, Einstein is partly right when he affirms there are only two times, psy-
chological and physical. This does not mean, however, that he should have ig-
nored Bergson’s claims about the centrality of phenomenology. Weyl, who was
as qualified a physicist as was Einstein, fully appreciated the importance of phe-
nomenology, and he gave it, accordingly, a critical role in his scientific and phil-
osophical writings. As Ryckman explains in the passage above,Weyl sees the in-
escapable appeal to coordinate systems as depending fundamentally on our
subjective awareness of time. This obviously includes the kind of objective coor-
dinative definition emphasized by Reichenbach in his work on Einstein.

Bergson, as a phenomenologist, can be vindicated in the tribunal of history.
His role in his debate with Einstein was important for philosophical and scien-
tific reasons, rather than ideological and mystical motives. But, to restate differ-
ently the previous point, what would it mean to say that the “time of our lives”
associated with morality, free will and creativity is “not-psychological” and, even
more puzzling, what would it mean for the time of our lives to be absolutely un-
related to metric relations, such as simultaneity and time order? The following
sections address these two issues, first by giving an account of the perception
of temporal relations and second, by providing evidence of the psychological
and neural basis of the experience of time.

Bergson is right that the irreducible datum of time is the flow and passage of
our inner lives, which manifests itself at its clearest in the visceral and empathic
reactions we associate with the vitality of conscious awareness (see Montemayor
and Haladjian 2015, for how these reactions are best understood as phenomenal
consciousness, dissociated from the more strictly epistemic functions of atten-
tion). But this is not the whole story. This continuous flow is also the basis
upon which more hypostatic forms of attention depend, particularly concerning
mathematical objects. The foundation of coordinative systems for mathematics,
physics, and science in general, can be found in this “immediate life of intu-
ition”.
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But what do these phenomenological observations have to do with what Ein-
stein called “psychological time”? As explained above, with respect to the phi-
losophy of space and time, Einstein’s epistemological contribution was to
move the debate from a strictly a priori analysis (judgments arrived at through
reasoning and intuition alone) to a posteriori reasoning (judgments arrived at
on the basis of empirical evidence). Perhaps a similar advancement may be nec-
essary in the case of phenomenology and psychology of time. The next sections
provide evidence that is relevant for this project; these are scientific findings that
neither Einstein nor Bergson had available. Section 4 discusses evidence con-
cerning the perceptual capacities underlying representations and inferences
about metric structure, or the environmental properties of events that must be
understood in terms of relations of simultaneity, duration, and temporal order.
Section 5 discusses findings on the relevance of interoception for what Bergson
called “lived time”.

4 Current State of Affairs in the Psychology and
Neuroscience of Time Perception

The systematic study of time perception became possible in the second half of
the 20th century with the advent and elaboration of internal-clock, or stopwatch,
models developed in the cognitive sciences.¹⁴ In essence, these models posit that
a pacemaker sends out pulses which are sent to and stored in an accumulator by
passing through a gate.¹⁵ According to these models the number of pulses stored
in working memory would represent experienced duration. Strong evidence for
clock-like properties of this timing system, i.e., as counting of clock ticks,
comes from empirical work showing how physiological manipulation of the as-
sumed clock rate induces relative under- and overestimation in animals and hu-
mans (respective right- or leftward shifts in the psychometric response func-
tion).¹⁶

To more accurately account for human timing performance in a further de-
velopmental step, an element was added to the model pertaining to the atten-
tional focus of a human observer. According to the attentional-gate model¹⁷ puls-
es are only registered when attention is directed to the passage of time and a

 See Wearden (2016).
 See Treisman (1963); (2011).
 See Meck and Church (1983); Meck (1996).
 See AGM; Zakay and Block (1997).
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switch is closed which in turn opens a gate to the accumulator. This means that
the estimation of duration is always a dual task. An observer can divide attention
between experienced time and non-temporal features of an event. During a pe-
riod of waiting for a personally important event to occur (the phone call of a
loved person) most of our attention is directed to the passing of time, which
then leads to an overestimation of waiting time.¹⁸ According to the AGM, two fac-
tors modulate the estimation of duration:¹⁹ (1) An increased emotional (bodily)
arousal level increases the pacemaker rate and in turn leads to relative greater
accumulation of pulses during a given time span; (2) A stronger focus of atten-
tion to time similarly leads to more inflow of pulses in the accumulator as the
postulated gate is more frequently open. Importantly, the AGM relates only to
time judgments under prospective conditions in which subjects are explicitly in-
structed to attend to time. Under retrospective conditions, in contrast, study par-
ticipants are unaware that they will later be asked to estimate time while they
perceive an event. The task becomes retrospective when the participant is in-
structed to judge duration after the event has ended. Then memory load pertain-
ing to that period of time defines subjective duration; the more recall of chang-
ing features of the past interval, the longer duration estimates.²⁰

The AGM is used in purely behavioural studies to explain relative over- and
underestimations in prospective time perception tasks in an intuitively plausible
way. For example, concurrent secondary tasks lead to a relative underestimation
of duration because attention is diverted from the primary timing task; with in-
creasing work load of the secondary task an increasing underestimation of dura-
tion is detectable.²¹ In one study, less attractive faces were associated with a rel-
ative underestimation of duration as compared to neutral and attractive faces.²²

This was interpreted as stemming from the dislike and therefore reduced atten-
tion to the unattractive stimuli. Regarding the factor of arousal, judging duration
of emotional negative stimuli with presentation times around 2 seconds as com-
pared to neutral stimuli in one study not only led to relatively greater physiolog-
ical arousal (as measured with the skin conductance response) but the negative
sounds also generated relatively longer subjective duration.²³ Using video clips
with presentation times between 16 and 40 seconds, slow-motion scenes, as
compared to real-time scenes, induced lower arousal (lower respiration rate

 See Jokic et al. (2018).
 See Burle and Casini (2001); Droit, Volet and Meck (2007).
 See Brown (1985); Zakay and Block (1997).
 See Brown (1985).
 See Ogden (2013).
 See Mella et al. (2011).
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and smaller pupillary diameter) which in turn was associated with a systematic
underestimation of duration.²⁴ Although practically speaking empirical results
do not always conform to the model’s predictions,²⁵ the AGM is popular because
of its strong heuristic value in explaining everyday subjective time. In the case of
experienced boredom, the focus of attention is predominantly on time, and du-
ration expands.²⁶ During entertaining activities, when one is absorbed in what is
happening we do not attend to time and the event passes comparably quickly,
time flies.²⁷

Regarding the neural basis of subjective time, i.e., the question of how and
where in the brain time in the range between milliseconds and multiple seconds
is processed, for many decades research focused on several distinct neural sys-
tems. Researchers are informed about the implication of certain neural networks
involved in duration judgment using neuroimaging techniques (fMRI, EEG),
through neuropsychological testing of brain-injured patients, by the transient in-
terruption of neural processes with transcranial magnetic stimulation (TMS),
and by assessing the effects of psychopharmacological agents. For several de-
cades two competing models were favored for explaining the neural basis for
sensory and motor timing: (1) Fronto-striatal circuits comprising recurrent
loops between frontal cortex (SMA), caudate-putamen, pallidum and thalamus,
which are modulated by the dopamine system;²⁸ (2) the cerebellum, which has
non-overlapping neural modules with different neural delay properties which
could encode duration.²⁹ Empirical evidence also points to several other regions
such as the right posterior parietal cortex, which might be involved in general
magnitude processing of time, space, and number,³⁰ and the insula, the intero-
ceptive cortex, i.e., the primary cortical area for receiving bodily signals.³¹

Meta-analyses of functional neuroimaging studies shed light on the duration
dependency of the neural correlates of time. It seems that although the identified
brain areas are involved in both the processing of sub- and supra-second inter-
vals, relative more activation of subcortical structures appears with sub-second
stimuli, whereas relative more activation of cortical regions is detected with

 See Wöllner et al. (2018).
 See Jones (2019).
 See Zakay (2015); Jokic et al. (2018).
 See Wittmann (2015).
 See Harrington et al. (2004); Hinton and Meck (2004).
 See Ivry and Keele (1989).
 See Bueti and Walsh (2009).
 See Wittmann et al. (2010).
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supra-second stimuli.³² Such a duration-dependent distinction has also been de-
tected for effects of manipulation on the serotonin and dopamine transmitter
systems. For example, healthy participants in timing studies were genotyped
to compare individual temporal processing performance with genetic polymor-
phisms. Whereas temporal discrimination variability of visual stimuli around
500 ms were associated with a polymorphism related to D2 receptor density in
the striatum, timing variability with stimuli around 2 s was associated with a
polymorphism related to synaptic dopaminergic metabolism in the prefrontal
cortex.³³ This duration-dependent distinction between striatum and prefrontal
cortex fits with the above mentioned sub- and supra-second activation for sub-
cortical and cortical brain regions, respectively.³⁴ Gene polymorphisms related to
the serotonin system, but not the dopamine system, were associated with dura-
tion discrimination of longer intervals, namely with several seconds duration
(with an average of 4.8 s).³⁵ This conforms to behavioural findings of double-
blind, placebo-controlled, studies using microdoses of psychedelic substances,
i.e., subthreshold doses without noticeable effects on experience, which act pre-
dominantly on the serotonergic system. Two studies using psilocybin³⁶ and LSD³⁷
detected deviations of timing performance under the influence of microdoses
only for intervals longer than 2 seconds. However, an entire cocktail of neuro-
chemical systems contributes to the experience of time. The neurotransmitter
GABA has been correlated with timing accuracy in the subsecond time
range;³⁸ the neuromodulator oxytocin induced a specific time dilation and com-
pression effect for happy female and for happy male faces, respectively, in het-
erosexual male viewers.³⁹

To sum up these elaborations, next to the above-mentioned involvement of
several transmitter systems, multiple neural networks are involved in the proc-
essing of time on different time scales.⁴⁰ Recent neuroimaging studies point to
several areas in the frontal cortex (SMA, inferior frontal gyrus), right intraparite-
tal sulcus, the basal ganglia, and the insula.⁴¹ One could argue that starting in

 See Nani et al. (2020).
 See Wiener et al. (2011).
 See Nani et al. (2020).
 See Sysoeva et al. (2010).
 See Wackermann et al. (2008).
 See Yanakieva et al. (2019).
 See Terhune et al. (2014).
 See Colonnello et al. (2016).
 For an extensive discussion of empirical findings, see Wittmann (2009), passim.
 Nani et al. (2020); Teghil et al. (2019).
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the 1980ies researchers were trying to find a dedicated timing system, an internal
clock in a neural network which would be solely responsible for the processing
of duration. What has emerged over the last couple of years is the insight that
there is not one mechanism or area in the brain responsible for encoding
time, but that there is a manifold of brain functions which rely on general dy-
namic properties of neural circuits.⁴² From the distributed neural circuits with
its intrinsic neural patterns of activity there might be one circuit that is predom-
inantly involved according to modality, task requirements, and the duration of
the interval processed.⁴³ Alternatively, several of these neural circuits could
work together in an integrated fashion to cover different functional subcompo-
nents for tracking time.⁴⁴ The heterogeneity of neural mechanisms and brain cir-
cuits explains why many patients with a variety of diagnosed neurological disor-
ders are often affected in the accuracy and precision of duration judgment. In
those patient groups performance rarely breaks down completely, e.g., in pa-
tients with essential tremor who are diagnosed with anatomically widespread
cerebello-thalamocortical dysfunctions.⁴⁵ If one neural system is damaged,
other parallel systems can partially take over and compensate. Timed behaviour
is still possible, albeit impaired.

5 Interoception as the Basis for the Experience
of Time

In the following we focus on one functional and anatomical module of the brain
related to interoceptive (bodily) awareness which, over the last few years, has
been implicated in the processing of subjective time.We will discuss the connec-
tion between empirical results in the cognitive neurosciences on the relationship
between time perception and interoception with phenomenologically inspired
ideas of temporal experience. Starting with the systematic analysis of Maurice
Merleau-Ponty, individual philosophers have held the idea that perception and
action, including subjective time and motor timing, are embodied faculties of
the mind. The further developments of the enactive/embodied cognition models
of subjectivity accordingly claim that the phenomenal first-person perspective of

 See Paton and Buonomano (2018).
 See Buhusi et al. (2018); Issa et al. (2020).
 See Tomasi et al. (2015).
 See Pedrosa et al. (2016).
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experience and behaviour depends on the dynamics of the corporal self.⁴⁶ A clas-
sic study was conducted by Martin Strack and his students (1988) which showed
that feedback from facial muscles influence felt emotions: Participants rated car-
toons as funnier while they were presented under the condition with a pen in the
mouth that facilitated muscles expressing positive emotions (a smile) as com-
pared to a condition where a pen inhibited smiling, i.e., a pen facilitated muscles
expressing negative emotions.

Subjective feelings depend upon bodily signals, i.e., visceral and somatosen-
sory feedback from the peripheral nervous system, which inform us about the
state of the body. These somatic signals are integrated with sensory signals
from the other senses and with reference to the motivational, social and cogni-
tive situation; in sum this integration capacity leads to the conscious awareness
of the momentary emotional condition of an individual.⁴⁷ One neural processing
route in the multistep integration of ascending somatic signals culminates in the
insular cortex, where the primary entry location for the signals is the dorsal pos-
terior insula. This brain region has been termed the primary interoceptive cortex,
the primary area in the cortex to process signals from all bodily organs.⁴⁸ The
fact that the insula is richly connected with other brain areas (limbic, sensory-
motor) substantiates the view that interoceptive (embodied) processes underlie
perception, cognition, and emotion. Several studies have shown that the con-
scious awareness of visual stimuli depends on how close they occur to the heart-
beat; the closer the external stimuli to the heart beat, the lower accuracy of per-
ceptual detection. For example, a neuroimaging study showed that the neural
signals from the heart, as recorded in the insula, suppressed visual information
when it was presented too close to the heart beat.⁴⁹ Cardiac timing effects were
also shown with emotional stimuli. Fearful faces were judged as more emotion-
ally arousing when photos were presented at the cardiac systole (the actual heart
beat) compared to when they were presented at the diastole (the relaxation pe-
riod between heart beats); these effects were correlated with activity in the amyg-
dala and insula.⁵⁰

The insular cortex contributes to the experience of duration in the sub-sec-
ond and supra-second time domain as repeatedly documented in reviews of neu-
roimaging studies.⁵¹ In our own neuroimaging research we employed a duration

 A prominent neurophenomenological approach is put forward by Varela et al. (1991|2016).
 See Damasio (1999).
 See Evrard (2019).
 See Salomon et al. (2016).
 See Garfinkel et al. (2014).
 See Wiener et al. (2010); Teghil et al. (2019); Nani et al. (2020).
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reproduction task with multiple-second tone intervals (3, 9, 18 seconds) in which
individuals are presented first with a tone of varying interval lengths (encoding
phase) which subsequently have to be reproduced in duration (reproduction
phase).⁵² Ramp-like increases in fMRI activation was detected in the insular cor-
tex which corresponded to stimulus duration. Activity ended with the termina-
tion of the to-be-timed stimuli in both the encoding (dorsal posterior insula)
and the reproduction period (anterior insula). The very same duration reproduc-
tion task also proved to be related to recorded body signals. Cardiac periods in-
creased (the heart slowed down) and skin-conductance levels decreased (a sign
of relaxation) progressively during encoding and the reproduction phases for au-
ditory⁵³ and visual intervals.⁵⁴ In a similar duration reproduction task, but with
much shorter acoustic and visual stimuli (500 to 1500 ms), activity in mid-insula
(encoding phase) and the left anterior insula (reproduction phase) was report-
ed.⁵⁵ The authors speculated that insula activity in this temporal task could be
related to the feeling of time passage.

The feeling of time passing could be used in sentient beings as a way to track
time.We will come back to this idea a little later. Recent work led by Alice Teghil
convincingly points to the involvement of interoceptive processes in the percep-
tion of time. In their behavioural study two duration reproduction tasks with in-
tervals lasting between 8 and 18 seconds were used, filled with (a) regular
spaced and (b) with irregular spaced stimuli.⁵⁶ The regular condition thus pro-
vided external cues on presented duration which the irregular task did not.
Only timing accuracy of the duration reproduction task with irregular stimuli
was predicted by trait-like interoceptive awareness assessed by the Self-Aware-
ness Questionnaire. That is, the general ability to be more aware of somatic
states helped subjects to be more accurate in time perception when no regular
external signals were available; they consequently had to rely on the dynamics
of their bodily self to judge duration. These findings are indicative of the assump-
tion made above that different distributed timing systems might come into play
with different weights, across individuals but also within a person depending on
the task given. An inter-individual propensity to be more aware of bodily proc-
esses helped subjects to be more accurate in the timing task.With fewer external
cues available subjects potentially had to rely more on internal signals. This in-
terpretation is founded on a subsequent study by Alice Teghil and coworkers

 See Wittmann et al. (2010), (2011).
 See Meissner and Wittmann (2011).
 See Otten et al. (2015).
 See Bueti and Macaluso (2011).
 See Teghil et al. (2020a).
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with the same duration reproduction task, where they showed that posterior in-
sula connectivity, which was modulated by individual interoceptive awareness as
measured with the Self-Awareness Questionnaire, correlated only with the irreg-
ular condition and not with the regular condition.⁵⁷

In a different study using dynamic video clips with intervals between 1 and
64 seconds, duration estimates could be explained by the amount of changes in
the contents shown in the scenes, and not by measured cardiac responses or eye
recordings.⁵⁸ Participants in that study might have used the accumulation of per-
ceived events stored in working memory to deduce experienced duration. These
studies in combination show that, depending on the outward structure of the
changing world, we can use visual or (acoustic) cues to deduce time. Or, when
these cues are absent or irregular, we can rely on our internal body changes to
judge duration.

What happens when the insular cortex is neurologically damaged? In a sin-
gle-case study, an epileptic patient who suffered from focal damage to the right
anterior insula showed severe impairments in the timing of multiple-second time
intervals in the above-mentioned duration reproduction task, an impairment
that did not occur in epileptic patients with damage to other cortical regions.⁵⁹
Relating to duration estimation of shorter intervals between 300 and 1500 ms,
one study recruited and tested twenty-one neurological patients with a stroke
in either the right or left insular cortex and compared performance with that
of twenty-one control subjects.⁶⁰ Only patients with right-hemispheric lesions,
and not those with left-hemispheric lesions, quite remarkably underestimated
the presented durations.

A comprehensive account regarding the relationship between awareness of
bodily states, emotions and subjective time has been provided by Bud Craig
(2009; 2015). A link between the three objects of awareness (body, emotions,
and time) was proposed because the experience of time is related to emotional
and visceral processes which share a common underlying neural processing sys-
tem, the interoceptive system which includes the insular cortex. Based on the
constantly ongoing processing of ascending bodily signals from the periphery
and the internal organs a series of conscious emotional moments is created
over time. Our sense of the bodily and emotional self is informed and constantly
updated through ascending somatic signals integrated in the insula (therefore
Craig’s programmatic book title “How do you feel?”). Accordingly, the sense of

 See Teghil et al. (2020b).
 See Suárez-Pinilla et al. (2019).
 See Monfort et al. (2014).
 See Mella et al. (2019).
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time passage would evolve by the awareness of successive moments of bodily
and emotional self-realization within a social and cognitive context. In essence,
Craig presents an embodied theory of consciousness as grounded in the dynamic
processes constituting the living body.

6 Phenomenological and Neurobiological
Accounts of Temporality

What we want to put forward in the context of this chapter is that Henri Berg-
son’s dynamic view of consciousness as time constituting complements to
some extent the embodied model of time consciousness we present here. We
are not discussing Bergson’s metaphysical accounts of time⁶¹, but—similar to
Barry Dainton’s (2017) analysis of Bergson—consider him as phenomenologist
of time. According to phenomenological analyses in the 20th century (Husserl,
Heidegger, Merleau-Ponty), self-consciousness and time-consciousness are in-
separable. Conscious awareness can be described as an island of presence in
the continuous flow of what happens (Metzinger 2004). Conscious states are in-
herently given to me; phenomenal experience is mine (Nagel 1974). Time as con-
tinuous flow of events in the present moment is linked to someone who experi-
ences something, i.e., conscious perception includes a basic form of self-
consciousness (Zahavi 2005). The phenomenologically deduced unity of time
and self can be expressed as: “there is no time without a self; there is no self
without time”.⁶² Julian Kiverstein (2009) summarizes this unity within the frame-
work of Edmund Husserl’s conceptualization of the tripartite structure of tempo-
ral experience encompassing past, present, and future as follows: I become
aware of what is happening now to me through what just happened to me and
expectations of what might happen to me. Self-consciousness (“what happens
to me”) is created through the temporal structure of consciousness as constituted
through what has just happened (retention) and what is about to happen (pro-
tention) in an extended present.⁶³ This extended present which encompasses a
past and future orientation however is dynamic as “…the new present is the pas-
sage from a future to the present and of the previous present to the past—time

 For an attempt to link Bergson’s metaphysical ideas of temporality with neurobiology, see
Korf (2015).
 “Time must be understood as a subject, and the subject must be understood as time” (Mer-
leau-Ponty 2012, 483).
 See Husserl (1928).
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itself in motion […] within a single movement” (Merleau-Ponty 2012, 442). This
description thus is not about a sequence of static moments, one after the
other, but the moment itself is constituted by the movement of the tripartite
structure of time. A phenomenologist would accordingly deny the notion of static
present moments which could be added in succession along a mathematically
thought line. The now, according to Heidegger (his summer lectures of 1927—Hei-
degger 1975, 352), who explicitly refers to Bergson, has the character of transi-
tion, the now is not a point next to other points in time but it has an extension
which is characterized by passage. Similarly, Henri Bergson states: “pure con-
sciousness does not perceive time as a sum of units of duration […] states of con-
sciousness are processes and not things […] in consequence it is impossible to
cut off a moment from them without […] altering their quality” (Bergson 1917,
196). Or, as Barry Dainton puts it: “… when we hear a sequence of notes unfold-
ing as part of a melody, we not only hear each note seamlessly flowing into the
next, but the individual notes are themselves inherently dynamic” (Dainton 2017,
95).

The phenomenological derivation of the unity of time consciousness and
self-consciousness, including its inherent dynamism, is strikingly similar to
the neurophysiological model by Bud Craig where the constantly ongoing inte-
gration of somatic signals over time generates a floating experience of the emo-
tional self across moments of self-awareness. From a neurobiological perspec-
tive, the underlying neural machinery at work actually processes incoming
bits of information in discrete steps as witnessed by brain oscillations with
many different lower and higher frequencies.⁶⁴ These neural oscillations under-
lie all cognitive functions including perceptual and motor timing.⁶⁵ Multiple os-
cillatory neural activities are however organized and interwoven into an integrat-
ed spatio-temporal continuum of brain activity. One idea is that slow cortical
potentials, spanning several seconds of duration, may generate the temporal
width of experience, an extended present moment.⁶⁶ The long phases of these
low-frequency fluctuations would temporally integrate oscillatory neural activity
from different brain regions in order to enable conscious awareness and the feel-
ing of an extended “now”. To juxtapose the phenomenological view and the neu-
roscientific hypothesis of an extended present, one could state that the underly-
ing neural machinery generates the temporal platform of a subjective present
(Pöppel 2009), an island of presence (Metzinger 2004). This extended present

 See Buzsáki (2006).
 See van Wassenhove (2016); Roehricht et al. (2018).
 See Northoff (2014).
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moment constitutes the temporal frame within which the dynamic flow of per-
ceived events happens over time leading to experienced temporality.⁶⁷

In his analysis of Bergson’s philosophy of temporality, Dainton (2017) sees
strong evidence for an extensional account, although some passages across dif-
ferent works could be interpreted differently, i.e., favoring a retentional model.
Dainton’s elaboration of an extensional model suggests dynamic elements of ex-
perience within an extended moment and across (overlapping) extended mo-
ments which create the seamless continuity of experience. In contrasting inner
duration from the time measured by clocks, Henri Bergson similarly writes in
his Essaie sur les données immédiates da la conscience (Time and Free Will)
that “… inner duration, perceived by consciousness, is nothing else but the melt-
ing of states of consciousness into one another” (Bergson 1913, 107). In Dainton’s
(2017, 101) parlance of this stream-like structure: “A is experienced as flowing
into B, B is experienced as flowing into C, and C into D”.

According to Bergson experienced duration (la durée) is experiential time as
an intensive non-quantifiable entity: “psychic states seem to be more or less in-
tense […] looked in their multiplicity, they enfold in time and constitute dura-
tion” (Bergson 1917, 224). That is pure experience of temporality: “the deepest
conscious states have no relation to quantity, they are pure quality” (Bergson
1917, 137). At a later stage subjective time may be quantified, i.e., spatialized
as “length of duration”, by comparing psychic states with external events, i.e.,
defined by clocks for measuring objective time. But the pure impression of tem-
porality is generated through the qualitative stream-like enfolding of inner
states.

Summary

The unity of time and self-consciousness has an inherent temporal dynamism as
described by phenomenologists over the last 130 years. These phenomenological
descriptions are mirrored by neurophysiological conceptions, which postulate a
similar interoceptive dynamism associated with our feeling of time and self. It is
suggested that the constantly ongoing temporal integration of somatic signals in
the brain generates a dynamic experience of the emotional self across moments
of self-awareness. Accordingly, the conscious feelings of emotions, self-experi-
ence, and subjective time stem from the dynamism of the same neural system
related to interoceptive processing. We highlighted specific empirical evidence

 See Dorato and Wittmann (2020).
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informed by recent neurophysiological studies showing that the experience of
time is governed by emotional and visceral processes which are based on the in-
teroceptive processing system. Neuroimaging studies have repeatedly shown that
the insular cortex is activated when individuals have to judge duration in the mil-
lisecond and second range. Peripheral-physiological indices such as the heart-
rate or breathing rate are related to the accuracy in perception of timed external
events as well as to the judgment of duration. Subjective assessments of intero-
ceptive awareness show how people who are more aware of their bodily condi-
tion are also more accurate in time perception. Henri Bergson is thereafter vin-
dicated as he was right to emphasize the dynamism of the temporal self as
becoming. Psychology and cognitive neuroscience have come to a similar, scien-
tifically-inspired, conclusion. Seen under this perspective also Albert Einstein
was right. Bergson’s approach was actually psychological in the sense that psy-
chology is informed by phenomenology.
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