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Internal signals like one’s heartbeats are centrally processed via specific pathways and
both their neural representations as well as their conscious perception (interoception)
provide key information for many cognitive processes. Recent empirical findings propose
that neural processes in the insular cortex, which are related to bodily signals, might
constitute a neurophysiological mechanism for the encoding of duration. Nevertheless,
the exact nature of such a proposed relationship remains unclear. We aimed to address
this question by searching for the effects of cardiac rhythm on time perception by the use
of a duration reproduction paradigm. Time intervals used were of 0.5, 2, 3, 7, 10, 14, 25,
and 40 s length. In a framework of synchronization hypothesis, measures of phase locking
between the cardiac cycle and start/stop signals of the reproduction task were calculated
to quantify this relationship. The main result is that marginally significant synchronization
indices (SIs) between the heart cycle and the time reproduction responses for the time
intervals of 2, 3, 10, 14, and 25 s length were obtained, while results were not significant
for durations of 0.5, 7, and 40 s length. On the single participant level, several subjects
exhibited some synchrony between the heart cycle and the time reproduction responses,
most pronounced for the time interval of 25 s (8 out of 23 participants for 20% quantile).
Better time reproduction accuracy was not related with larger degree of phase locking,
but with greater vagal control of the heart. A higher interoceptive sensitivity (IS) was
associated with a higher synchronization index (SI) for the 2 s time interval only. We
conclude that information obtained from the cardiac cycle is relevant for the encoding
and reproduction of time in the time span of 2–25 s. Sympathovagal tone as well as
interoceptive processes mediate the accuracy of time estimation.
Keywords: time interval reproduction, synchronization, heart cycle, interoception, interoceptive sensitivity

INTRODUCTION
The perception of time is an important component of human
experience; it is essential for everyday activity and for any kind of
complex behavior. Despite this fact, the processes underlying the
experience of time and the timing of action are only incompletely
understood. Wittmann (2009) highlights that—as no sense organ
for time perception exists—all sensory modalities are possible
entries at the interface of physical time with perceptual time. In
this theoretical concept perceptual time is not “isomorphic” to
physical time, and many factors, including attention, memory,
arousal, cognitive load, ongoing activity, and emotional states, are
all potential modulators of time perception (Block et al., 2010).
Many different models exist regarding the cognitive and neurobiological mechanisms underlying the experience of time. Some
models of time estimation assume existence of an “internal clock”
with a pacemaker producing a sequence of time units that are fed
into an accumulator (Treisman et al., 1994; Wittmann, 2009). In a
variant of those pacemaker–accumulator models, the attentionalgate model (Zakay and Block, 2004), the time units produced are
only registered when attention is directed to time.
Recent debate throws a different light on these concepts by
assuming that physiological states and emotions associated with
changes in physiological states are not only modulators of an
assumed neural clock such as attention and working memory,
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but could function as a timekeeper themselves (Craig, 2009a;
Wittmann, 2009). Such a direct link between the perception of
time and physiological processes has been proposed by Craig
(2009b), who claims that our experience of time relates to emotional and visceral processes because they share a common underlying neural system, the insular cortex and the interoceptive
system. Wittmann (2009) follows that, since emotions and physiological states seem so fundamental to the experience of time, it
is tempting to assign a pivotal role to these processes related to
a core timekeeping system. In line with this conceptualization, it
is conceivable that the number and rate of body signals accumulated in the insula over a given time span create our perception
of duration. Craig (2009a,b) suggests that the cortical representation of the sentient self in the anterior insular cortex (AIC)
is based on the integration of salience across all conditions in
the individual’s body and in the physical and emotional environment at each moment of time. He further states that the neural
substrates responsible for sentience across time are based on the
neural representation of the physiological condition of the body,
and that the main homeostatic (autonomic) control function for
the maintenance of the physiological condition of the body is
cardiorespiratory activity (Craig, 2009b).
In this context it is important to emphasize that individuals differ substantially in the ability to perceive ongoing bodily
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signals (interoception) (Jones, 1994; Wiens, 2005). The extent
of an individual’s sensitivity to bodily signals can be defined as
interoceptive awareness or interoceptive sensitivity (IS). IS is often
quantified by measuring a person’s ability to perceive one’s heartbeats accurately (Critchley et al., 2004; Pollatos et al., 2007a).
IS is considered to be an essential quantity in many theories of
emotions such as that proposed by James or Damasio (James,
1884; Damasio, 1994). The idea that we feel emotions because
we perceive our bodily reactions is a core characteristic of these
theories suggesting that participants who perceive bodily signals
with a high degree of sensitivity should experience emotions
more intensely, and vice versa that reduced IS is accompanied
with a reduced experience of emotions (James, 1884; Damasio,
1994). This prediction was confirmed in several studies showing
an increased subjective affective experience (Pollatos et al., 2005,
2007b) or increased markers of central processing of emotional
stimuli in participants with higher scores of IS (Pollatos et al.,
2007b).
While Craig’s model proposes a close interaction between
interoceptive processes and time perception (Craig, 2009a,b;
Wittmann and van Wassenhove, 2009) suggesting that our experience of time emerges from emotional and visceral states processed
in the insular cortex, there is only sparse empirical evidence
underlying this assumption. One recent study by Meissner and
Wittmann (2011) demonstrated that individuals’ duration reproduction accuracy (using time lengths of 8, 14, and 20 s duration)
correlated positively both with cardiac parameters (the slope of
cardiac slowing during the encoding intervals) and with individuals’ IS supporting the view that autonomic function and
interoceptive processes underpin our perception of time intervals in the range of seconds. The idea that rhythms of the body
are directly linked to temporal processes in perception was also
shown in another study by Iwanaga (1995) reporting that participants’ preferred tempo of successive tones was in a harmonic
relation (with a ratio of 1:1, 3:2, and 2:1) to individual heart rates
as measured during the presentation of the tone sequences. It can
be followed that the cardiac rhythm was interrelated (and possibly synchronized) to the tempi of rhythmic tones suggesting
that indeed the own cardiac biorhythm is used in a timing task
(Iwanaga, 1995).
The fundamental question of how internal signals like one’s
heartbeat could form the building blocks of time perception,
can be addressed using the concept of synchronization which
may explain the hypothesized relationship between internal signal processing and time perception. Synchronization is a fundamental nonlinear phenomenon, and it plays an important
role in various fields of science and engineering (Glass, 2001;
Pikovsky et al., 2001; Strogatz, 2003). Moreover, it is found in
live systems, being observed on a level of single cells, physiological subsystems, whole organisms, and even on the level of
populations (Pikovsky et al., 2001; Strogatz, 2003). Sometimes,
this phenomenon is essential for a normal functioning of a
system, e.g., for a coordinated motion of several limbs or for
the performance of a pacemaker, where many cells fire synchronously, and in this way produce a macroscopic rhythm that
governs respiration, heart contraction, etc. Sometimes, the onset
of synchrony leads to a severe pathology, e.g., in case of the
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Parkinson’s disease, when locking of many neurons results in
tremor activity. Quite often, the functional role of synchrony
is yet unknown, e.g., in case of cardiorespiratory coordination
(Schäfer et al., 1999; Bracic and Stefanovska, 2000) or in case
of mutual entrainment of respiration and locomotion; possibly
its appearance is just a manifestation of a general property of
self-sustained oscillators to adjust their rhythms due to a weak
interaction.
To quantify the level of synchronization of interacting oscillators, one typically uses a synchronization index (SI), also known
as phase locking value (Astolfi et al., 2009; Lee et al., 2010;
Wilmer et al., 2010). Values of the index close to one indicate
a strong interdependence between the phases, what is characteristic for synchronous states; in the absence of synchrony the
index nearly vanishes. The index operates with the phases of oscillating processes, so a certain pre-processing of original data is
needed. Typically, the Hilbert transform or the complex wavelet
transform are used for the phase estimation (Pikovsky et al.,
2001); there exist also other techniques, suitable for specific signals. Quantification of synchrony, or generally of the interaction
strength, by means of synchronization indices (SIs) was suggested
in (Tass et al., 1998; Rodriguez et al., 1999; Mormann et al., 2000)
with application to e.g., cardiorespiratory coordination (Mrowka
et al., 2000) and brain activity (Tass et al., 1998; Rodriguez et al.,
1999).
At the moment it is not clear if the effects of cardiac rhythms
on the internal clock in time perception exist and are pronounced enough to be measured in a statistically reliable manner. If they exist, they may be reflected in the phase locking
of the internal clock with the cardiac rhythm. However, phase
locking does not automatically facilitate time reproduction accuracy, as even for perfect locking the minimal error will be of
the order of one’s heartbeat intervals. Since the mechanisms of
possible interaction are yet unknown and because of the high
interpersonal variability, the “ideal” time interval for interaction between heart rate and time reproduction to occur is a
priori unknown. Therefore, we decided to cover a relatively
wide span of time interval lengths varying from 0.5 to 40 s.
Our hypothesis was that the heart rate does not exactly determine the time estimation but weakly influences it and that this
effect may well depend on the interval duration. Therefore, in
the current study we quantified this influence with the help
of the synchronization concept. Additionally, we hypothesized
that interoceptive processes and inter-individual differences in
IS affect the time perception accuracy. Whether or not there is
also an interrelation with synchronization measures should be
analyzed, too.

MATERIALS AND METHODS
Twenty-three participants [mean age (M ± SD years) 23.8 ±
3.1; 5 males and 18 females] were recruited from an introductory psychology course and by advertising announcements
at the University of Potsdam. All participants were screened
for health status using a questionnaire in which common
somatic disorders like heart problems, elevated blood pressure, acute or chronic pain, functional aberrations concerning the gastrointestinal system, the kidneys, the bladder, or
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the thyroidea were included. Participants were excluded if they
had a history of any common psychiatric disorder, in particular anxiety disorders or depression (or any other axis 1
disorders) according to the Diagnostic and Statistical Manual
of Mental Disorders (American Psychiatric Association, 1994).
Drug use (except of contraceptives) was also an exclusion criterion. Experiments were conducted in accordance with the
Declaration of Helsinki. Ethical approval from a local ethic
board was obtained. All participants gave their written informed
consent.
PROCEDURE OUTLINE

Upon arrival at the laboratory room in the Department of
Psychology, each participant completed a set of questionnaires. Afterwards, they were fitted with physiological recording
equipment for heart rate (Advanced Neuro Technology, ANT,
Netherlands). The room was air-conditioned with an average
room temperature of 23 degrees Celsius. The experiment started
with a 10-min rest period in which the baseline measures were
assessed. This period was followed by the IS task. First, IS was
assessed using N = 4 heartbeat counting trials (varying in length;
25, 35, 45, 60 s) in accordance with the Mental Tracking Method
suggested by Schandry (1981). Participants were asked to count
their own heartbeats silently and to verbally report the number of
counted heartbeats at the end of the counting trial. During heartbeat counting, subjects should not take their pulse or attempt to
use other manipulations facilitating the counting of heartbeats.
The beginning and the end of the counting intervals were signaled acoustically. IS was estimated as the averaged over N trials
heartbeat perception score:

⎞
⎛
 (r)
(c) 
N
−
N
N

k
k 
1
⎝1 −
⎠,
IS =
(r)
N
N
k=1

(c)

DATA ANALYSES

First, the time reproduction accuracy was assessed by comparing
the estimated time durations with the actual presentation times
and calculating an average absolute error score for each of the
eight time intervals. We calculated Pearson’s correlation coefficient between IS and absolute error scores. Time estimation error
scores were analyzed using a repeated-measures analysis of variance (ANCOVA) with the factors Interval Length (eight levels) and
IS as covariate.
Second, we tested whether there is interdependence between
the phase of the reproduced sequence and the phase of the cardiac
cycle. For this goal we first detected all R-peaks in the electrocardiogram and labeled them by corresponding times tk (see
Figure 1A). Suppose the event, e.g., pushing the button for
the end of interval reproduction, occurred at time τ. To estimate the phase of this event relatively to the cardiac phase, we
assigned the phase value ϕ = 0 to the R-peak preceding the event
and the value ϕ = 2π to the next R-peak. Let these peaks occur
at the times tk and tk + 1 . Then the cardiac phase at the instant of
the event is obtained via linear interpolation as (see Figure 1B)
(Schäfer et al., 1999):
ϕ = 2π

τ − tk
.
tk + 1 − tk

Repeating the procedure for all N trials, we obtain a set of values ϕj , where j = 1,. . .,N. It is illustrative to plot them on a circle
(an example for one subject is shown in Figure 1C). A deviation
of the distribution of ϕj from the uniform distribution indicates an interrelation between the processes. This interrelation is
quantified by the SI:

k

(r)

where Nk and Nk are the numbers of the counted and actually
recorded heartbeats within the k-th trial.
After the subjects performed the heartbeat perception task,
they proceeded with the time interval estimation trial. We
assessed heart rate and respiration (using a respiration belt) during the whole experiment. As we searched for a possible phase
interdependence between heart rate and time estimation variables, we used a free reproduction task in which participants had
to encode the duration of varying time intervals (so-called presentation intervals) in order to reproduce them later (so-called
reproduction intervals). In the following we denote the beginning and end points of the presented intervals by PB and PE,
respectively. Similarly, the beginning and the end points of the
reproduced intervals are denoted by RB and RE. Respiration data
during encoding or reproduction was not analyzed in this study.
The length of the time intervals varied between 0.5 and 40 s
(0.5, 2, 3, 7, 10, 14, 25, 40 s). We decided to present time intervals with increasing time length (from 0.5 to 40 s) and to decrease
time length in a similar fashion (from 40 to 0.5 s). Ten repetitions
for each interval length were used. The whole experiment lasted
about 40 min.
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FIGURE 1 | Schematic illustration of the phase calculation. (A) The black
curve is the ECG, red triangles denote the R-peaks, and the blue vertical
circle denotes the time of the response, e.g., of RB or RE. (B) Defining the
phase of R-peak, preceding the response, as 0 and of the following R-peak
as 2π we find the phase of the response ϕ by linear interpolation. (C) An
example of the distribution of response phases of RE for 10 different trials.
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All obtained SIs were statistically tested for significance.
Therefore, we calculated SIs for every person and for the eight
different interval lengths (0.5, 2, 3, 7, 10, 14, 25, 40 s), both for
RB and RE events. For each calculation of SI we used 10 trials (see
Figure 1C for an example). Totally, with 23 subjects and 8 time
intervals, we obtained 184 values. For further statistical analyses
we compared the obtained SIs (for each time interval and each
person) with the index for randomly distributed points. Since in
the real experiment we have (with several exceptions) 10 trials, we
have taken 10 points, uniformly distributed between 0 and 2π,
and computed the SI. For very large number of randomly distributed points, the index shall tend to zero; since we have only
10 points, this value is typically not small. Repeating this procedure 10,000 times, we obtained the average value 0.28 (recall
that by definition the index is positive and, therefore, we obtain
a biased estimate) and quantiles of the distribution, which are
then used to identify significant cases, see discussion of Table 3
below. Additionally we averaged SIs for every time interval referring to (a) reproduction start and (b) reproduction end. We then
calculated a maximum SI for each time interval using the maximum value (referring either to RB or RE) for each individual
participant and averaging these scores for the whole sample. We
finally checked whether the obtained value is significantly larger
than 0.28.
Finally, we computed the most important time-domain measures of the heart rate variability (HRV). For this goal we first
obtained all normal interbeat intervals RRk = tk + 1 − tk and then
computed their average, the standard deviation, and the root
mean square of the successive differences (RMSSD). The RMSSD,
an indicator of vagal activity, is derived from the HRV as

RMSSD =

M
−1

1
(RRk + 1 − RRk )2 ,
M−1
k=1

where M is the number of RR intervals.
All HRV measures were calculated for the baseline period of
5 min and analyzed using repeated-measures analysis of variance
(ANOVA) with the factors interval length (eight levels). Next, we
performed a correlation analysis of IS, SIs, and HRV measures.

RESULTS
TIME REPRODUCTION ACCURACY, INTEROCEPTIVE SENSITIVITY, AND
VAGAL TONE

Absolute and relative errors (both time overestimation as well as
underestimation) for the eight time interval lengths are depicted
in Table 1. All further analyses refer to the absolute error scores.
The ANCOVA revealed a significant effect of Interval Length
[F(df =7.147) = 12.64, p < 0.001, η2 = 0.38, ε = 0.97]. The main
effect of IS and the interaction effect were not significant
[F(df =1.21) = 3.72, p = 0.07; F(df =7.147) = 2.33, p = 0.13]. The
mean obtained heartbeat perception score was 0.65 (SD 0.19).
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The mean heart rate was 66.5 beats per minute (SD 9.7 bpm,
minimum 49 bpm, maximum 84 bpm). For further analyses
we focused on the RMSSD. The RMSSD is sensitive to highfrequency heart period fluctuations in the respiratory frequency
range and has been used as an index of vagal cardiac control (Malik et al., 1996; Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). The mean AVNN (average of all NN
intervals) was 0.95 s (standard deviation of all NN intervals,
SDAVNN = 0.09). The mean RMSSD was 39.2 ms (SD 27.2 ms).
Next, we assessed the correlation between vagal cardiac control
and IS. The correlation coefficient obtained was significantly positive with r = 0.48 (p < 0.05) indicating that IS was associated
with greater vagal control of the heart (see Figure 2).
In a last step we assessed the correlation between vagal cardiac control and time perception accuracy (mean score across
all time intervals). We obtained a significant negative correlation coefficient of r = −0.34 (p < 0.05) indicating that a greater
vagal control of the heart was associated with a better time
reproduction accuracy. The scatterplot is depicted in Figure 3.
SYNCHRONIZATION ANALYSES OF HEARTBEAT CYCLE AND TIME
REPRODUCTION VARIABLES

Averaged over all subjects SIs for every time interval referring to
(a) reproduction start and (b) reproduction end are depicted in
Table 2.
As visual inspection of the data revealed that in several individuals there was a clear pattern toward a high synchronization either
for RB or for RE for one time interval length, we used these indices
to assess a maximum SI for each time interval. Corresponding
results are also summarized in Table 2.
For further statistical analyses we compared the obtained SI
(for each time interval) with the index for randomly distributed
points which had an average value of 0.28 (see Methods). We
use the distribution of indices for artificially generated surrogate data to test the SIs obtained in experiments for significance,
using t-tests. Due to multiple comparisons, we used a Bonferroni
corrected significance level when applying our analyses to the
maximum SI (i.e., p < 0.05 corresponds to p < 0.05/8 = 0.006;
p < 0.01 corresponds to p < 0.01/8 = 0.001). Using this correction, the SIs were significantly higher than the random distribution score for the time intervals of 3, 10, 14, and 25 s (see Table 2).
It should be noted that in this procedure we slightly overestimate the significance because of taking a maximum of SIs for RE
and RB.
In Figure 4 we show all 184 values of SI. Here we also present
the values, corresponding to the 0.05, 0.10, and 0.20 quantiles of
the distribution. These threshold values are 0.54, 0.48, and 0.43,
respectively; they are depicted as horizontal lines.
These results are also illustrated in Table 3, where we show
the number of the cases when SIs were larger than the threshold
values.
From the Table 3, one can see that for time interval 25 s and
for RE event, 3, 5, and 8 subjects out of 23 reached significance
level of 5, 10, and 20% quantile, correspondingly. RE event for
time intervals 2 and 40 s is also characterized by high SIs (6 out of
23 for 20% quantile).
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Table 1 | Absolute and relative errors for the different time interval lengths used.
Time interval length
(in seconds)

Absolute error in seconds
(±standard deviation, SD)

Time overestimation
N

Relative error

Time underestimation
N

in seconds (±SD)

Relative error
in seconds (±SD)

0.5

0.09 ( ± 0.06)

13

0.02 ( ± 0.06)

10

−0.05 ( ± 0.03)

2

0.20 ( ± 0.11)

9

0.03 ( ± 0.14)

14

−0.20 ( ± 0.09)

3

0.39 ( ± 0.24)

6

0.32 ( ± 0.28)

17

−0.42 ( ± 0.22)

7

1.09 ( ± 0.76)

3

1.07 ( ± 0.60)

20

−1.10 ( ± 0.75)

10

1.38 ( ± 1.16)

5

0.75 ( ± 0.64)

18

−1.55 ( ± 1.23)

14

2.32 ( ± 1.93)

3

0.49 ( ± 0.68)

20

−1.60 ( ± 1.92)

25

5.51 ( ± 3.79)

2

0.25 ( ± 0.09)

21

−6.01 ( ± 3.58)

40

9.96 ( ± 5.90)

0

23

−9.96( ± 5.90)

FIGURE 2 | Scatterplot between interoceptive sensitivity and vagal
control as indexed by the RMSSD.

Further analysis of the significance of the synchronization
analysis is performed by means of comparison of our results with
an amount of cases obtained in a random distribution model. We
used the following formula of the probability to have n events
with the probability q within N measurements
n
1−q
P(n, q) = CN

(N − n) n

q ,

n is the binomial coefficient. The probabilities P(n,q) for
where CN
q = 0.05, q = 0.10, and q = 0.20 for N = 23 measurements for
each of eight time intervals are shown in Figure 5 by lines. The
values of Nq actually obtained for these quantiles are shown by
symbols. If these symbols are situated close to the maxima of
the probability curves, then the results are indistinguishable from
the random distribution and thus non-significant. On the contrary, if the symbols are positioned on the tail of the distribution,
then the indices are larger than can be expected for the random
distribution. The difference from the random case is especially
pronounced for the RE events for 25 s interval.
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−

FIGURE 3 | Scatterplot between vagal control (as indexed by the
RMSSD) and absolute mean error score.

As follows from Figure 5G, the difference from the random
case is especially pronounced for the RE events for 25 s interval,
what corresponds to the result in Table 3, with 8 subjects out of
23 reaching the significance with 20% quantile.
Using correlation analyses we tested whether a higher synchronization was associated with (a) corresponding time reproduction
accuracy and (b) IS. Time reproduction accuracy was not significantly correlated with any corresponding SI (maximum SI used),
while the only significant correlation we obtained was between IS
and the maximum SI of the 2 s time interval (r = 0.54, p < 0.05,
p-value Bonferroni corrected; see Figure 6).

DISCUSSION
The present study shows that the cardiac rhythm affects time
perception. We observed that information obtained from the
cardiac cycle influences the encoding and reproduction of time
as demonstrated using synchronization analyses. As hypothesized, the average SIs between start/stop points of duration
reproduction and heart rhythm were marginally significant compared to a random distribution in the whole sample for time
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Table 2 | Statistical analysis of the synchronization indices for the different time intervals.
Time interval length (in seconds)

Reproduction begin

Reproduction end

Mean SI (SD)

Mean SI (SD)

Maximum SI
Mean SI (SD)

T (df = 23)

p

0.5

0.30 (0.14)

0.27 (0.11)

0.34 (0.12)

2.59

n.s.

2

0.25 (0.13)

0.28 (0.15)

0.36 (0.14)

1.76

n.s.

3

0.30 (0.15)

0.28 (0.14)

0.38 (0.12)

4.03

*

7

0.25 (0.12)

0.26 (0.15)

0.34 (0.12)

2.53

n.s.
*

10

0.30 (0.17)

0.30 (0.17)

0.38 (0.14)

3.63

14

0.25 (0.13)

0.30 (0.16)

0.36 (0.14)

2.94

*

25

0.27 (0.13)

0.34 (0.15)

0.39 (0.13)

4.23

**

40

0.30 (0.15)

0.28 (0.16)

0.36 (0.16)

2.65

n.s.

The second and the third columns show the averaged over 23 participants values for indices, computed for reproduction begin and reproduction end events,
respectively. We remind that each index is computed from 10 measurements, obtained from 10 trials. The fourth column shows the mean of the maximal (from two
events) index. Notations for the significance level: *p < 0.05; **p < 0.01; n.s. stands for not significant.

Table 3 | The number Nq of cases out of 23 (number of subjects)
when the synchronization indices for the RE and RB events were
larger than the corresponding 0.05, 0.1, and 0.2 quantile threshold
values (see also Figure 4), obtained for randomly distributed points
on a circle.
Time interval length
(in seconds)

FIGURE 4 | Synchronization index of the RE response for all 23
participants and for different interval durations: 0.5 s (A), 2 s (B), 3 s (C),
7 s (D), 10 s (E), 14 s (F), 25 s (G), and 40 s (H). Horizontal blue dash-dotted
line, red dashed line, and black dotted line show 5, 10, and 20% quantile
thresholds, correspondingly.

intervals of 3, 10, 14, and 25 s length. On average, we did
not observe a significant synchronization between heart rate
and time reproduction responses for intervals of shorter as
well as of longer duration. However, for individual persons
we observed significant synchrony for intervals of 2 and 25 s
length. In accordance to prior studies using the temporal reproduction method in the multiple-seconds range (e.g., Meissner
and Wittmann, 2011) time lengths reproduced were in the
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Reproduction begin

Reproduction end

N 0.05

N 0.1

N 0.2

N 0.05

N 0.1

N 0.2

0.5

1

1

2

0

2

3

2

0

1

3

2

4

6

3

2

3

3

0

1

4

7

1

1

2

0

0

5

10

4

5

5

1

1

3

14

1

1

2

2

2

4

25

1

1

4

3

5

8

40

1

4

6

2

4

6

mean shorter than physical time (except of the 0.5 s interval
length).
Taking the mean heart rate during baseline (mean 66 beats
per minute) as reference it can be followed that intervals covering
the amount of at least three heart cycles up to a maximum of 30
heart cycles are mostly favorable for the occurrence of interaction
and therefore for observation of synchronization between heart
beats and time reproduction. Nevertheless, individual heart rates
varied between participants substantially (from 49 to 84 bpm).
Therefore it is difficult to exactly interfere the ideal time span
during which information of the heart cycle could be used for
time estimation. Having in mind these points it can be concluded
that time lengths between 3 and 25 s are presumably lying within
these optimal preconditions and these were also the time lengths
with significant SIs as assessed in in our sample. Future studies
could solve this problem by using online assessed individual heart
rates and adjusted interval lengths that cover whole multiples of
individual heart cycle lengths.
Referring back to the high variance between participants in
baseline heart rates it is conclusive that on an individual level
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FIGURE 6 | Scatterplot between interoceptive sensitivity and the
maximum synchronization index for the 2 s time interval.

FIGURE 5 | Probability to have n cases with probability q within N
measurements (see Equation 1) for different interval durations: 0.5 s
(A), 2 s (B), 3 s (C), 7 s (D), 10 s (E), 14 s (F), 25 s (G), and 40 s (H). The
blue dash-doted, red dashed, and black dotted lines correspond to the
probability q = 0.05, q = 0.1, and q = 0.2. The experimentally obtained
values of Nq (see Table 3) and corresponding probabilities are shown by
triangles (for reproduction begin) and circles (for reproduction end). The
total number of measurements for each time interval is N = 23.

significant synchronization can be found only for certain time
lengths and for a varying percentage of individuals. Having in
mind that we assume an interaction between the heart cycle and
time estimation, an interval length that is close to a whole multiple of the individual heart cycle length (e.g., 3 s correspond to
three heart cycles if the heart rate is 60 bpm and to four cycles
if the heart rate is 80 bpm) is a more suitable precondition to
observe a statistically evident synchronization in this subject.
Preliminary data analysis of the 3 s interval could partly support
this idea by showing that two out of three participants with heart
rates of exactly 60 bpm respectively 80 bpm descriptively exhibited a higher SI (maximum synchronization score; single scores
0.52, 0.39, and 0.33) as compared to the mean SI of the whole
sample (mean score 0.38). And there are yet two other sources of
inter-individual variance to be taken into account, namely vagal
control of the heart and IS.
We obtained a significant positive correlation coefficient
between IS and the maximum SI of the 2 s time interval, indicating that participants with higher IS show a higher degree of phase
locking between heart cycle information and time reproduction
start/stop responses. While Meissner and Wittmann (Meissner
and Wittmann, 2011) could demonstrate that IS was associated with time reproduction accuracy in the multi-second range,
we now observe a significant modulation of synchronization
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processes for the shorter time range of 2 s. It is an important fact
to note that this interval length was also one length in which
we observed significantly many individual cases with high SIs.
Interoceptive processes and individual sensitivity to interoceptive
signals like the heart beat are variables that might explain part of
the observed variance in synchronization measures.
Additionally, we found that sympathovagal tone as operationalized by the RMSSD mediates the accuracy of time estimation. A greater vagal control of the heart, i.e., greater RMSSD,
was associated with better mean time reproduction accuracy. This
observation is in accordance to the model of neurovisceral integration proposed by Thayer and Brosschot (2005). Within this
model it is hypothesized that a higher sympathetic activation is
linked to hypervigilance and inefficient allocation of attentional
and cognitive resources (Thayer and Brosschot, 2005), while a
greater vagal tone was shown to be associated with efficient
attentional regulation, response flexibility (Friedman and Thayer,
1998; Elliot et al., 2011) and efficient emotion regulation (Elliot
et al., 2011). Our data support the idea that a higher vagal tone
might also facilitate the allocation of attention resources involved
in time estimation.
Confirming this assumption, Meissner and Wittmann (2011)
could demonstrate that individuals’ duration reproduction accuracy correlated positively with the vagal-driven slope of cardiac
slowing during the encoding of time interval. It is important
to notice that our data also showed that IS was associated with
a greater vagal control of the heart. It can be followed that—
similar to other cognitive tasks—a higher vagal tone advantages
the detection of internal signals such as the heart beats. Referring
back to our results, we assume that there are critical time lengths
in which both processes—vagal control of the heart and interoceptive processes—might also lead to contradictive effects on time
reproduction accuracy.
Coming back to the question of an interrelation between synchronization and time estimation accuracy, we did not observe
significant correlation between time reproduction accuracy and
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the degree of synchronization, as has been hypothesized. We
therefore found evidence for our hypothesis that the heart rate
influences, but does not exactly determine time estimation.
Indeed, assuming for example a high degree of synchronization,
i.e., a pronounced phase locking, this high synchronization would
only then facilitate time reproduction accuracy if the time interval to be reproduced is a whole multiple of the individual cycle
length. If, on the contrary, the actual length of the interval is 2.5
times of the individual cycle length and this subject reproduces a
length corresponding to two or three times of the individual cycle
duration, the reproduction error will be quite high. We therefore
assume that synchronization processes reflect a mechanism that
might be a systematic source of “errors” in timing tasks as e.g.,
demonstrated by Iwanaga (1995). The latter study could show
that the tempo of represented successive tones was systematically
changed into a harmonic relation (1:1, 3:2, 2:1) to the participants’ individual heart rates supporting our idea that one’s own
cardiac biorhythm is used in a timing task as demonstrated in the
current study.
Our results highlight that the cardiac cycle and information
obtained from cardiac rhythm might underpin our perception
of time intervals in the range of seconds as proposed in several
theoretical approaches of time perception (see e.g., Craig, 2009b;
Wittmann, 2013). One important model to explain the internal representation and reproduction of temporal durations in
the supra-second range and was introduced by Wackermann and
Ehm (2006). Referring to our study, bodily processes like the heart
beat can be interpreted as one possible inflow unit. The dual klepsydra model (DKM; klepsydra: Greek for water clock) assumes
that subjective duration is represented by the states of inflow–
outflow units, which function as leaky integrators (as described
by Wittmann, 2013). These units can be thought to function like
water clocks, with water flowing in at a constant rate and simultaneously flowing out (the “leakage”) at a rate proportional to
the momentary accumulated state. Wittmann emphasizes that the
state of the integrator is thus a nonlinear (climbing) function of
physical time (Wittmann et al., 2010).
The DKM has been discussed as being an intrinsic model for
the integration of bodily signals for the representation of time in
the supra-second range (Sysoeva et al., 2011; Wittmann et al.,
2011; Wittmann, 2013). In line with this idea Wittmann et al.
(2010) presented fMRI evidence that an accumulation function
in the posterior insula exists and might be correlated with the
encoding of time intervals using a temporal reproduction task.
Importantly, the authors assumed that—given the close connection between the insular cortex and ascending body signals—the
accumulation of physiological changes in body states is the basis
for subjective duration (Wittmann et al., 2010; Wittmann, 2013).
Wittmann suggests that intrinsic processes for the representation of the bodily self—like a better access to visceral feedback
and ascending signals from the heart as measured by IS—might
additionally serve as a means to represent time (Wittmann, 2013).
Some shortcomings have to be noticed. First, we assessed a
rather small sample size of young and healthy participants. It is
necessary to re-assess synchronization measures in a larger sample
and also to systematically include interindividual variance concerning IS in the composition of such a sample. Second, we tried

Frontiers in Neurorobotics

to cover a large time span and therefore sacrificed the amount
of repetitions used for each time length we used. Future studies could benefit from more elaborative focus on interval lengths
between 2 respectively 3 and 25 s as we found most pronounced
results within this range. Using more repetitions and more participants as well as using experimental designs with online assessed
individual heart rates and adjusted interval lengths will help to
clarify our preliminary results and to disentangle the complex
result pattern found in order to verify both the technique of synchronization analysis in time perception as well as its interaction
with bodily signals. And third, other slower biorhythms like respiration have to be included and experimentally manipulated next
to heart rate to get a more definite picture of the interaction
between bodily rhythms and our experience of time.
We conclude that the heart and information from the heart
cycle could serve as input signals used for the reproduction of
time intervals in the range of several seconds. Our results highlight one important mechanism of the embodiment of time.
Further research with different time perception tasks and more
participants are needed to follow this important research and
avenue new aspects of fundamental principles in time perception.

ACKNOWLEDGMENTS
We want to thank Jennifer Meyer for her support in programming
the experimental design and the software used for data export.
This study was supported by the German Research Foundation
(DFG) as part of the Research Group “Computational Modeling
of Behavioral, Cognitive, and Neural Dynamics” (FOR 868).

REFERENCES
American Psychiatric Association. (1994). Diagnostic and Statistical Manual for
Mental Disorders, 4th Edn., (DSM-IV). Washington, DC: APA Press.
Astolfi, L., De VicoFallani, F., Cincotti, F., Mattia, D., Marciani, M. G.,
Salinari, S., et al. (2009). Estimation of effective and functional cortical connectivity from neuroelectric and hemodynamic recordings. IEEE
Trans. Neural Syst. Rehabil. Eng. 17, 224–233. doi: 10.1109/TNSRE.2008.
2010472
Block, R. A., Hancock, P. A., and Zakay, D. (2010). How cognitive load affects duration judgments: a meta-analytic review. Acta Psychol. (Amst.) 134, 330–343. doi:
10.1016/j.actpsy.2010.03.006
Bracic, M., and Stefanovska, A. (2000). Synchronization and modulation in the
human cardiorespiratory system. Physica A 283, 451–461. doi: 10.1016/S03784371(00)00204-1
Craig, A. D. (2009a). How do you feel - now? The anterior insula and human
awareness. Nat. Rev. Neurosci. 10, 59–70. doi: 10.1038/nrn2555
Craig, A. D. (2009b). Emotional moments across time: a possible neural basis for
time perception in the anterior insula. Philos. Trans. R. Soc. B Biol. Sci. 364,
1933–1942. doi: 10.1098/rstb.2009.0008
Critchley, H. D., Wiens, S., Rotshtein, P., Ohman, A., and Dolan, R. J. (2004).
Neural systems supporting interoceptive awareness. Nat. Neurosci. 7, 189–195.
doi: 10.1038/nn1176
Damasio, A. R. (1994). Descartes’ Error: Emotion, Reason and the Human Brain.
New York, NY: Grosset/Putman.
Elliot, A. J., Payen, V., Brisswalter, J., Cury, F., and Thayer, J. F. (2011). A subtle
threat cue, heart rate variability, and cognitive performance. Psychophysiology
48, 1340–1345. doi: 10.1111/j.1469-8986.2011.01216.x
Friedman, B. H., and Thayer, J. F. (1998). Anxiety and autonomic flexibility:
a cardiovascular approach. Biol. Psychol. 49, 303–323. doi: 10.1016/S03010511(97)00027-6
Glass, L. (2001). Synchronization and rhythmic processes in physiology. Nature
410, 277–284. doi: 10.1038/35065745
Iwanaga, M. (1995). Harmonic relationship between preferred tempi and heart
rate. Percept. Mot. Skills 81, 67–71. doi: 10.2466/pms.1995.81.1.67

www.frontiersin.org

April 2014 | Volume 8 | Article 15 | 8

Pollatos et al.

Heart cycle and time duration

James, W. (1884). What is an emotion? Mind 9, 188–205. doi: 10.1093/mind/osIX.34.188
Jones, G. E. (1994). “Perception of visceral sensations: a review of recent findings, methodologies, and future directions,” in Advances in Psychophysiology,
Vol. 5, eds J. R. Jennings and P. K. Ackles (London: Jessica Kingsley Publishers),
155–192.
Lee, S. H., Park, Y. M., Kim, D. W., and Im, C. H. (2010). Global synchronization index as a biological correlate of cognitive decline in Alzheimer’s disease.
Neurosci. Res. 66, 333–339. doi: 10.1016/j.neures.2009.12.004
Malik, M., Bigger, J. T., Camm, A. J., Kleiger, R. E., Malliani, A., Moss, A. J., et al.
(1996). Heart rate variability. Eur. Heart J. 17, 354–381. doi: 10.1093/oxfordjournals.eurheartj.a014868
Meissner, K., and Wittmann, M. (2011). Body signals, cardiac awareness, and the
perception of time. Biol. Psychol. 86, 289–297. doi: 10.1016/j.biopsycho.2011.
01.001
Mormann, F., Lehnertz, K., David, P., and Elger, C. E. (2000). Mean phase coherence as a measure for phase synchronization and its application to the EEG
of epilepsy patients. Physica D 144, 358–369. doi: 10.1016/S0167-2789(00)
00087-7
Mrowka, R., Patzak, A., and Rosenblum, M. G. (2000). Quantitative analysis of cardiorespiratory synchronization in infants. Int. J. Bifurcat. Chaos 10, 2479–2488.
doi: 10.1142/S0218127400001754
Pikovsky, A., Rosenblum, M., and Kurths, J. (2001). Synchronization: a
Universal Concept in Nonlinear Sciences. Cambridge: University Press. doi:
10.1017/CBO9780511755743
Pollatos, O., Gramann, K., and Schandry, R. (2007b). Neural systems connecting
interoceptive awareness and feelings. Hum. Brain Mapp. 28, 9–18. doi: 10.1002/
hbm.20258
Pollatos, O., Herbert, B. M., Kaufmann, C., Auer, D. P., and Schandry, R. (2007a).
Interoceptive awareness, anxiety and cardiovascular reactivity to isometric
exercise. Int. J. Psychophysiol. 65, 167–173. doi: 10.1016/j.ijpsycho.2007.03.005
Pollatos, O., Kirsch, W., and Schandry, R. (2005). On the relationship between interoceptive awareness, emotional experience, and brain processes. Cogn. Brain
Res. 25, 948–962. doi: 10.1016/j.cogbrainres.2005.09.019
Rodriguez, E., George, N., Lachaux, J.-P., Martinerie, J., Renault, B., and Varela, F.
J. (1999). Perception’s shadow: long distance synchronization of human brain
activity. Nature 397, 430–433. doi: 10.1038/17120
Schäfer, C., Rosenblum, M., Abel, H. H., and Kurths, J. (1999). Synchronization in
the human cardiorespiratory system. Phys. Rev. E. Stat. Phys. Plasmas. Fluids.
Relat. Interdiscip. Topics 60, 857–870. doi: 10.1103/PhysRevE.60.857
Schandry, R. (1981). Heart beat perception and emotional experience.
Psychophysiology 18, 483–488. doi: 10.1111/j.1469-8986.1981.tb02486.x
Strogatz, S. H. (2003). Sync: the Emerging Science of Spontaneous Order. New York,
NY: Hyperion.
Sysoeva, O. V., Wittmann, M., and Wackermann, J. (2011). Neural representation
of temporal duration: coherent findings obtained with the “lossy integration”
model. Front. Integr. Neurosci. 5:37. doi: 10.3389/fnint.2011.00037
Task Force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology (1996). Heart rate variability: standards of
measurement, physiological interpretation and clinical use. Circulation 93,
1043–1065. doi: 10.1161/01.CIR.93.5.1043

Frontiers in Neurorobotics

Tass, P., Rosenblum, M. G., Weule, J., Kurths, J., Pikovsky, A. S., Volkmann,
J., et al. (1998). Detection of n:m phase locking from noisy data: application to magnetoencephalography. Phys. Rev. Lett. 81, 3291–3294. doi:
10.1103/PhysRevLett.81.3291
Thayer, J. F., and Brosschot, J. F. (2005). Psychosomatics and psychopathology:
looking up and down from the brain. Psychoneuroendocrinology 30, 1050–1058.
doi: 10.1016/j.psyneuen.2005.04.014
Treisman, M., Cook, N., Naish, P. L., and MacCrone, J. K. (1994). The internal
clock: electroencephalographic evidence for oscillatory processes underlying
time perception. Q. J. Exp. Psychol. A 47, 241–289. doi: 10.1080/14640749408
401112
Wackermann, J., and Ehm, W. (2006). The dual klepsydra model of internal
time representation and time reproduction. J. Theor. Biol. 239, 482–493. doi:
10.1016/j.jtbi.2005.08.024
Wiens, S. (2005). Interoception in emotional experience. Curr. Opin. Neurol. 18,
442–447. doi: 10.1097/01.wco.0000168079.92106.99
Wilmer, A., de Lussanet, M. H. E., and Lappe, M. (2010). A method for the estimation of functional brain connectivity from time-series data. Cogn. Neurodyn. 4,
133–149. doi: 10.1007/s11571-010-9107-z
Wittmann, M. (2009). The inner experience of time. Philos. Trans. R. Soc. B Biol.
Sci. 364, 1955–1967. doi: 10.1098/rstb.2009.0003
Wittmann, M. (2013). The inner sense of time: how the brain creates a representation of duration. Nat. Rev. Neurosci. 14, 217–223. doi: 10.1038/nrn3452
Wittmann, M., Simmons, A. N., Aron, J. L., and Paulus, M. P. (2010). Accumulation
of neural activity in the posterior insula encodes the passage of time.
Neuropsychologia 48, 3110–3120. doi: 10.1016/j.neuropsychologia.2010.06.023
Wittmann, M., Simmons, A. N., Flagan, T., Lane, S. D., Wackermann, J., and Paulus,
M. P. (2011). Neural substrates of time perception and impulsivity. Brain Res.
1406, 43–58. doi: 10.1016/j.brainres.2011.06.048
Wittmann, M., and van Wassenhove, V. (2009). The experience of time: neural
mechanisms and the interplay of emotion, cognition and embodiment. Philos.
Trans. R. Soc. B Biol. Sci. 364, 1809–1813. doi: 10.1098/rstb.2009.0025
Zakay, D., and Block, R. A. (2004). Prospective and retrospective duration judgments: an executive-control perspective. Acta Neurobiol. Exp. 64, 319–328.
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 15 November 2013; accepted: 19 March 2014; published online: 09 April
2014.
Citation: Pollatos O, Yeldesbay A, Pikovsky A and Rosenblum M (2014) How
much time has passed? Ask your heart. Front. Neurorobot. 8:15. doi: 10.3389/fnbot.
2014.00015
This article was submitted to the journal Frontiers in Neurorobotics.
Copyright © 2014 Pollatos, Yeldesbay, Pikovsky and Rosenblum. This is an openaccess article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

April 2014 | Volume 8 | Article 15 | 9

