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Abstract

Exploring unknown quantum systems is an experimental challenge.
Recent proposals exploring quantum gravity have suggested circumvent-
ing this problem by considering the unknown system as a mediator
between two known systems. If such a mediation can locally generate
entanglement in the known systems, then the mediator must be non-
classical.

The same approach may be applicable to other systems, in particular
the brain, where speculations about quantum operations in consciousness
and cognition have a long history. Translated to the brain, the mediator
is then an unknown brain function. For the quantum systems, we could
use proton spins of bulk water, which most likely interfere with the any
brain function. Entanglement in these spins can be witnessed with mul-
tiple quantum coherence (MQC). We based our witness protocol on zero
quantum coherence (ZQC) whereby potential signals from local proper-
ties were minimised.

For short repetitive periods, we found ZQC signals in large parts
of the brain, whereby the temporal appearance resembled heartbeat-
evoked potentials (HEPs). Similar to HEPs, we also found that
the ZQC signal depended on conscious awareness. Consciousness-
related signals have, to our knowledge, not yet been reported in
NMR. Remarkably, we could exclude local properties as contrast
mechanism because (a) the ZQC signals had no correlates known
in conventional MRI, and (b) the ZQC signals only appeared if
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2 Ezperimental evidence of non-classical brain functions

the local properties of the magnetisation, which are complemen-
tary to non-local properties, were reduced. Our findings suggest that
we may have witnessed entanglement mediated by consciousness-
related brain functions. Those brain functions must then operate
non-classically, which would mean that consciousness is non-classical.

Keywords: quantum brain, MRI, entanglement witness, heartbeat evoked,
zero quantum coherence

1 Introduction

The idea that the mind may be connected with quantum mechanics has a
long history [1]. Despite heated discussions and speculations [2-7], experimen-
tal evidence for the quantumness of the brain was only found over a decade
ago. Surprisingly, non-physical experiments discovered those breakthroughs.
Instead, the analysis of psychological observations have shown that the brain
may use non-classical operations [8, 9].

This new promising field of quantum psychology bases the analysis entirely on
quantum mechanics, which contrasts with computational Neuroscience. Com-
putational Neuroscience is founded on the physiology of single brain cells and
networks, which operate in time and space domains far beyond Planck’s con-
stant. As such, experimental results in the field which have been collected over
many years are all classical. Consequently, computational neuroscience, which
intends to simulate the outcome of brain computation, is entirely classical.
Contradictorily, the quantum supremacy principle [10] says, that classical com-
putation, be it by a computer or a brain, would be unable to simulate quantum
mechanics in any realistic timeframes. For computational neuroscience, that
means that it can’t simulate the outcome of (quantum) psychology experi-
ments nor explain how the brain computes; it fails this essential test.

To overcome this paradox, we hypothesise the existence of an unknown biolog-
ical quantum (field) system, which may extend far beyond Planck’s constant
allowing quantum computation in single cells and even cell networks. Such a
quantum system could then explain the classicality of experimental results in
physiology! as well as the quantumness of psychology.

To test our hypothesis, we implemented an approach which is based on recent
proposals in quantum gravity [12, 13], where it was suggested circumventing
the lack of a theory by using the graviton as a mediator between two quantum
systems. It was shown then that if a mediator can create entanglement between
the two quantum systems, then the mediator itself must be non-classical. We
applied this nice idea here.

Translated to the brain, the mediator is then an unknown brain function. For
the quantum systems, we used the proton spins of bulk water in the brain,

IThe lack of an adequate theory may hinder the development of appropriate instrumentations
to measure quantum effects which then is the reason the view on quantum biology in the brain is
obstructed or classical[11].
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Ezperimental evidence of non-classical brain functions 3

which most likely interfere with the any brain function. If the proton spins
entangled during brain activity, then we would know that a non-classical brain
function must exist.

Therefore, we only have to witness that brain functions can produce entangle-
ment in the auxiliary systems of the proton spins.

We used an MRI sequence that could contain zero quantum coherences (ZQC)
as entanglement witness for the proton spins. It has previously been shown
that an increase in the signal amplitude in any multiple quantum coherence
(MQQC) is a witness [14].

Unfortunately, a MQC signal increase in biological systems is inconclusive
because the signal of MQC may also vary due to rotational symmetry break-
ing or susceptibility changes [15-18]. To avoid misinterpretation, we designed
the sequence in a way, that any possible signal variation based on those mech-
anisms were at noise level, and therefore not detectable.

At first sight, the use of a noisy sequence seems contra-productive in the
attempt to find improbable occurrences. However, macroscopic quantum com-
plementarity relations between local and non-local properties suggest that
local properties have to be suppressed to allow the detection of non-localities
[19, 20], which in MRI is mostly avoided as it would result in low signal in
every MRI technique.

The aim of our study was to find evidence of non-classicality. As pointers for
brain computation, we focussed on electrophysiological brain waves which are
presented in the conscious aware brain at rest.
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Fig. 1 MRI signal time course (Black) during 12 heart cycles compared with simultaneous
oximeter reading of a finger (Grey).
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2 Results

We used the EPI time series 3 in human volunteers at rest. The beginning of
the sequential RF-pulses train of the EPI time series were used to saturate the
magnetisation of the imaging slice. The desired reductions of the local NMR
component were normally reached shortly before the equilibrium magnetisa-
tion.

Then, we found regular, repeating signal bursts of predominant signal alterna-
tions in single volumes of the brain slices as shown in Fig. 1, where the signal
peaks of the bursts increased by up to 15 %. In most cases, the alteration was
sequential from one image acquisition to the next.

In the following, we will focus on the NMR, contrast mechanism of the signal
first, and then how it related to physiology and mind.

2.1 NMR contrast

The burst signal had the following properties;

The burst signal alternated during burst which confirmed that at least two
RF pulses were necessary to generate the signal. The two RF-pulses always
enwrap an asymmetrical gradient interval G,T, (Fig. 5), which is the basic
pulse design to measure ZQC. The consequential long-range ZQC contrast was
verified further by altering sequence parameters.

For rotating the asymmetric gradients G, we found the characteristic angula-
tion dependency of the dipole-dipole interaction as shown is (Fig. 2A). The plot
represents the fitted function |(3 - cos?[¢] — 1)| (adjusted R? test of goodness-
of-fit resulted in R2=0.9958) where ¢ takes the additional gradients in read
and phase direction into account. At the magic angle, the burst signals disap-
peared.

For the flip angle variation, we found the predicted signal course for the ZQC
flip angle dependency [21] which was fitted to the data (R?=0.9964). Predicted
maximum at 45° could be confirmed (Fig 2B). In contrast, the Ernst-angle
[22] which is a good indication for the optimum angle for SQC is around 13°
(for Ty = 1.5s).

For the alteration of the off-resonance frequency, we found a typical magneti-
sation transfer contrast (MTC) change for the baseline which depended on the
off-resonance frequency (Fig. 2C). In contrast, the signal intensity showed the
remarkable immunity to MTC as expected for ZQC [23] with no significant
changes in the same frequency range (Fig. 2D).

The effects of the competing effects, the build up of the ZQC on the one hand
and de-phasing over time on the other hand, were studied varying the TR. We
found that from 38 ms onwards the signals showed no growth of ZQC. The
free induction dominated.

Finally, we varied the slice thickness to study Time-of-flight effects. We found
no significant influence on the relative signal.
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Fig. 2 Variation of sequence parameters. Data shows signal averaged over 5 subjects. Error
bars represent the standard deviation from the mean. (A) Signal intensity plotted against
the slice gradient angulation « in respect to the magnetic main field. (B) Signal plotted
against flip angle variation. ZQC prediction plotted in Black. (C) Signal intensity plotted
against the frequency offset of the saturation slices of the BS and (D) averaged signal of the
AMP. (E) Relative signal change plotted against slice thickness. (F') Signal plotted against
repetition time.
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Fig. 3 Pattern observed in participant who had reported falling asleep. (A) Wake
period. (B) Asleep, ZQC burst signals declined coincident with an increase of the S/N level.
At 34 s, the peak resulted from short head movement.

2.2 Physiology and Mind

The periods of signal bursts repeated with the same rate as the heart-beat.
We used three temporal reference systems; (a) a finger pulse oximetry, (b) an
electrocardiogram (ECG), and (c) the time-of-flight signal of a voxel placed
in the superior sagittal sinus. The signal bursts appeared with the pulse from
the finger pulse oximetry (Fig. 1). In relation to the ECG, we found using the
Cross-Recurrence Quantification Analysis that the maximum burst signal was
delayed by 0.3s on average. With the start of the venous outflow, the bursts
always ended as shown in Fig. 4 and Fig. A3.

Regarding the duration of the bursts under normal conditions, we mostly
observed two sequential peaks which equaled 4 TRs adding up to a time period
of 180ms. We also saw longer periods building up to 10 TRs (see Fig. 4B)
extending the period to 450ms.

We located the bursts in brain tissue of all slices except around the periven-
tricular area (probably due to movement induced by ventricular pulsation in
those regions [24]) as illustrated in Fig. A2.

The global aspect conformed with another interesting feature; the signal could
be restored while being averaged over the entire tissue component of the imag-
ing slice (Fig. 1 and Fig. 4B, single voxel time course are shown in Fig. Al).
We also found that the signal did not respond to the COq challenge (Fig. 4B)
in contrast to the SQC signal from the voxel including the superior sagittal
sinus (Fig. 4A) which indicated the blood flow response.

During our studies, we also realised that the signal depended on awareness and
awakening. In seven participants from whom two had reported to have fallen
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asleep, we found that the signal pattern declined as shown in Fig. 3. For the
final data acquisition, all participants had been asked to stay awake during
the imaging protocol. At this point, we no longer detected a sleep pattern.

In a case study, we observed the pattern change over a period of 20 min-
utes which showed a gradual transition from awake to asleep as shown in the
appendix at Fig. A4.

We used Recurrence Quantification Analysis and Multifractal Detrended Fluc-
tuation Analysis to illustrate the difference between wakefulness and the slow
decline during the falling asleep period. The analysis shows that periodicity,
large and small fluctuations, repeating patterns and their predictability, and
the stability of the system were changing over the observation period (Fig. A5).

3 Methods

We studied 40 subjects (between 18 and 46 years old) using a 3 Tesla whole-
body MRI scanner (Philips, The Netherlands) which was operated with a
32-channel array receiver coil.

Imaging protocols were approved by Trinity College Dublin School of Medicine
Research Ethics Committee.

All participants of final data acquisition were asked to stay awake and stay
still during the imaging protocol, or to report any failure to do so.

Fast gradient-echo EPI (GE-EPI) time series were carried out which had been
optimised over a wide range of participants. The finalised parameters were as
follows: FA = 45°, TR = 45 ms, TE = 5, voxel size = 3.5 x 3.5 x 3.5 mm,
matrix size = 64x64, SENSE factor = 3, bandwidth readout direction = 2148
Hz, saturation pulse thickness/distance = 5/20mm.

Two saturation pulses placed parallel to the imaging slice (Fig. 5) were added
which allowed us to vary long-range correlation of the ZSE and MTC. Satura-
tion gradients had a time integral (length x strength) of GT; = 5.1 ms x 6.25
mT/m, the crusher gradients in read and slice direction of GT, = 1.3 ms x
25 mT/m, the slice rephase gradient of GT, = 0.65 ms x 25 mT/m, and the
slice termination gradient of GT; = 0.65 ms x 15 mT/m. Gradients timing
and arrangements are shown in Fig. 5. Gradients relevant for ZSE are shown
in the asymmetry field and are marked with indices t, ¢, r, and s for identi-
fication. We rotated the asymmetric gradients in respect to the magnet field
starting from coronal 0° to axial 90°in twelve steps; slice angulation « related
to the angulation from the spin-spin interaction as

¢ =a—tan"! ([GT. — GT,]/[2- GTs + GT. + GT,]) = a — 9.6°. Further, we
varied the correlation distance via altering the amplitude and the duration of
the saturation gradients.

We also altered the following sequence parameters in pseudo-randomised
orders:

(a) variation of the flip angle from 5° to 60° in steps of 5°(60° was the power
limit by the specific absorption rate (SAR)).

(b) the off-resonance frequency was varied as [2.62, 3.49, 4.36, 5.23, 6.11, 6.98,
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7.84, 8.73, 9.60, 10.47, 12.22, 13.96, 15.71, 17.45] kHz.

(c¢) slice thickness from 3 mm to 7 mm in steps of 0.5 mm.

(d) repetition time (TR) varied from 38 ms to 73 ms in steps of 5 ms.
Further, we explored the signal distribution over the entire brain. 9 slices (in
5 volunteers) were acquired at different positions, with slices from bottom to
the top covering all anatomical regions.

In a breath-holding challenge, four participants were asked to stop breathing
for 20 s without taking a deep breath. Body movements were reduced through
multiple cushions immobilizing the head.

For the time reference analysis, we used Cross-Recurrence Quantification Anal-
ysis [25] to calculate the delay between the R-wave in electrocardiogram (ECG)
and the MRI signal. For the calculation, we used the CRP Toolbox [26, 27] for
Matlab [28].

For the NMR contrast analysis, we used the averaged maximum peak of the
burst and the signals between bursts as baselines. Calculations were performed
using the routine by Gomes et al. [29] which was implemented in Matlab [28].
Preprocessing included the following; Rescaling, which was applied to all data
sets before any analysis using the MR vendor’s instructions. Visual inspection
of average time series in search for irregularities which were manually removed
from the analysis leaving the rest of the time series unaltered. Manual seg-
mentation was used to create a mask to remove cerebral spinal fluid (CSF)
contributions. The first 100 of 1000 scans were removed to avoid signal sat-
uration effects. The manual segmentation of the masks was eroded to avoid
partial volume effects at the edges.

For the analysis of sleeping pattern, we used a Recurrence Quantification
Analysis and a Multifractal Detrended Fluctuation Analysis (for detailed
description see Lopez-Perez et al. [30]).

All data graphics were created with Mathematica [31]. Data and source
code for analysis are available at www.github.com/Mirandeitor/Entanglement-
witnessed-in-the-human-brain.

4 Discussion

Experimentally, we aimed to prove that brain functions can create entangle-
ment in auxiliary quantum system.

Thereby, we employed a hybrid MRI sequence which could contain SQC and
ZQC, simultaneously. We found signal burst with every heartbeat where we
were able to show in section 2.1 that the underlying contrast mechanism was
ZQC. Therefore, it is possible that we witnessed quantum entanglement.
However, the increase of ZQC alone is not a sufficient condition for witnessing
entanglement in biology because ZQC is altered by many other physiological
changes, too.

Ultimately, we have to exclude that the signal bursts were caused by a “clas-
sical” zero quantum coherence. That’s why the following discussion will focus
on the incompatibility of classical mechanisms.
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First, we would like to remark that ZQC can be altered by local field-
inhomogeneities and anisotropies [15-18]. Those changes in ZQC have comple-
mentary contrasts in SQC, namely T2* relaxation and diffusion, which both
alter during the heart cycle.

However, T2* changes have shown a different temporal (shifted by more than
half of the cycle time in respect to the ZQC signal) and spatial response (higher
signal at blood vessel) [32]. The tissue response at around 2% is much lower
than during functional activation. In contrast, functional activations showed no
significant changes in the ZQC burst signal and only minimal signal increases
at the baseline [33]. Therefore, we can conclude that local field-inhomogeneity
changes are ineligible as a signal source.

Besides local field-inhomogeneity, ZQC depends on order [34] and rotational
symmetries [15, 16] which can be probed with diffusion MRI. The order may
correlate with the apparent diffusion coefficient (ADC), while the fractional
anisotropy (FA) indicates the rotational symmetry breaking. In praxis, MQC
signals are higher at decreased ADC and increased FA.

Nakamura et al. [35] have shown that the temporal changes of the ADC are
in phase with the intracranial volume change while FA is shifted by 180°. Our
ZQC signals coincided with the transition phase from the highest to the low-
est ADC (and vice versa for the FA). From those results, we can conclude that
the theoretical optimum (ADC minimal, FA maximal) for a classical ZQC is
outside the time window of the ZQC bursts.

As we have mentioned before, our sequence design had a poor S/N. Therefore,
it wasn’t surprising that the sequence couldn’t pick up changes for which, the-
oretically, ZQC should be sensitive for, like diffusion and field-inhomogeneities
changes. For “classical fluids”, however, the signal-to-noise ratio S/N in MQC
is much lower than in SQC. For example, the S/N of ZSE compared to the
conventional MRI signal (SQC) only reaches up to 0.05 at 4 Tesla, experimen-
tally [36, 37]. Our sequence was suboptimal because we replaced a 90° by a
45° RF-pulse (reduction by factor 2), used a 3 Tesla field, and the evolution
time was shorter. Therefore, we could conclude that in combination with the
EPI readout ZQC signals were negligible.

In this estimation, we considered the maximal signal amplitude, not fluctu-
ations of it. Translated to a conventional ZQC, the burst would be serval
magnitudes higher than the averaged ZQC signal, which has never been
reported.

Although, we found that the bursts have no correlates in SQC imaging, the
correlation with the cardiac cycle suggested a relation with flow and motion
effects which we further investigated.

We varied slice thickness and TR as possible sequence parameters, which are
sensitive to time-of-flight effects. For the slice thickness, the relative signal
did not vary significantly (Fig. 2E), for the repetition time, we found the free
induction decay dominating the decline (Fig. 2F). Furthermore, when we var-
ied the blood flow with the help of a COs-challenge (Fig. 4), we found no
significant response of the burst signal amplitude.
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Further, the fact the signal bursts have no significant SQC component (Fig
2A at the magic angle), we can in principle exclude all SQC contrast mecha-
nism including changes in T; and Ts relaxation, line narrowing, or magnetic
field shifts.

Above, we have established that conventional MR sequences, be it SQC or
MQC, won’t detect the observed signal bursts. Our sequence shouldn’t detect
it either.

However, in our sequence, the number of spins aligned along the same direc-
tion was reduced which changed the ratio of the partial quantum information
shared between local properties P and non-local properties @ of spins. One
has @ + P <1 with P =1 for aligned spins [19]. Only with P < 1, the medi-
ator could create non-local properties Q).

In summary, we found ZQC signals only if local properties P were reduced. At
the same time, the ZQC signals have no correlate in conventional MRI, be it
in SQC or conventional MQC, which underpins that the complementarity is a
necessary condition. Consequently, the signals had non-local properties.

It is important to remember that our findings can’t have any physiological or
cognitive relevance. They can only exist if local properties P are reduced.
Otherwise, the existence of a biological mediator which can create entangle-
ment is rather unexpected. From a mediator with such phenomenal properties,
we would expect physiological or cognitive relevance.

A closer look at the signal behaviour confirms this assumption. We found that
the timing of the signal bursts coincided with an electrophysiological event,
which is known as heartbeat evoked potentials (HEP). The bursts also showed
similar sensitivity to conscious awareness as HEP signals in the same time
window [38].

In another study [30], Lépez Pérez et al. have shown that the complexity of
burst signals also correlate with psychological test results in short-term mem-
ory.

Lastly, we would like to discuss why the signals only appeared during this very
specific time window. How would this fit into a quantum brain theory?

We would like to propose a possible explanation as follows; If the brain were
quantum, then it may work at different scales from cell organelles, cells to cell
networks. Such a scaling may explain why, for example, the memory system
operates at different time scales from short to long term [39]. At some point,
communication between these systems must be ensured. Let us now assume
that the brain is genuinely quantum. If the brain was genuinely quantum at
least for short periods, then quantum processes could communicate over all
scales. Then (or maybe only then), it could also entangle auxiliary systems
provided by an MRI sequence, which play otherwise no role in the physiologi-
cal processing.

Although, we have now pushed the envelope even further, being genuinely
quantum at some stage may be important to realise a quantum brain. Inter-
estingly, genuinely quantum system are non-markovian and so far, the most
promising models to create macroscopic quantum systems [11].
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The genuinely quantum system during burst would explain why we saw no
effects related to blood flow during the Co, challenge because the system would
be genuinely quantum independent of any blood flow changes, and therefore
able to entangle our auxiliary system in any case (during consciousness).
Although, we couldn’t find any blood flow effects, the relation with the heart
beat suggest a hemodynamic origin of the phenomenon. Interestingly, the time
window of the burst coincided with the period when the brain creates a reverse
mechanism to transport tissue water back into the venous system. This reverse
mechanism to maintain the balance between in- and outflow must then be
non-markovian because it is a necessary condition for being genuinely quan-
tum. The non-markovian mechanism, which may remember (or even know
in advance) about the inflow, creates then an elusive blood wave traveling
instantly from arterial to the venous blood system, despite the fact that those
systems aren’t connected and that the interconnecting volume between them,
the tissue (through which the blood water can freely diffuse) and the capillar-
ies, are by many magnitudes larger than the blood vessel volume.

The genuinely quantum hypothesis may explain why we were able to observe
the mediation. More importantly, it may give an explanation why quantum
biology beyond Planck’s constant may only be observed if the system is undis-
turbed. In this case, that means alive and conscious. A situation which is
difficult to achieve in biological studies which could be the reason nobody has
observed similar results before.

5 Conclusion

The aim of this study was to show that the brain is non-classical. We assumed
that unknown brain functions exist which can locally mediate the entanglement
of auxiliary quantum systems. The experimental detection of such an entan-
glement created by the brain would then be sufficient to prove non-classicality.
We found experimental evidence that such entanglement creation occurs as
part of physiological and cognitive processes.

We argued that the ZQC signals are non-local because (a) ZQC can be an
entanglement witness, (b) the signals have no SQC and MQC? correlates,(c)
they are only detectable if local properties are reduced, and (d) they resemble
HEPs which are below verifiability in conventional MRI.

Our findings confirm that the mind operates non-classically, which seems like
an obvious assumption considering what we know today about cognition and
computing.

However, our findings are standing against the unproven statement that quan-
tum entanglement or coherence can’t survive in the hot and wet environment
of the brain long and far enough.

Despite all controversy, we found an undiscovered NMR contrast, which can

2using the conventional MQC sequence design
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detect brain activity beyond conventional functional MRI. It may have interest-
ing applications in psychology and medicine beyond the fundamental question
we tried to answer here.
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Fig. 4 (A) Signal time course of an imaging voxel located next to the superior sagittal sinus
demonstrates the blood flow increase in response to the COg2 challenge (breath-holding). In
contrast to the vein signal, the corresponding ZQC signals (B) showed no response to CO2
activity. Breath-holding started at 140s. Volunteers were instructed to reduce any movement
as long as possible (here until at 157s). From 157s, the signal breakdown was subject to
movement.
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Fig. A1 4x4 voxel matrix randomly picked. On the left, the red square shows location in
the brain slice. On the right, 16 corresponding signal time courses displaying the local tissue
responses over a time period of 24s.
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Fig. A2 9 Anatomical slices which correspond to the positioning of the EPI time series.
Tissue surrounded by red drawing showed no ZQC bursts.
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Fig. A3 Whole-slice averaged signal time course (black line) which was selected by a mask
over 12 heart cycles. Signal of the Superior sagittal sinus (grey line) as reference time frame
demonstrates the instant breakdown of quantum coherence with the beginning outflow.
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Fig. A4 Case study: ZQC burst pattern observed in participant who had reported
falling asleep. Starting point of time series at (A) 16:26:29 (B) 16:29:47 (C) 16:30:54 (D)
16:34:13 (E) 16:37:32 (F') 16:40:49 (awake, subject communicated with radiographer before
scan).
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Fig. A5 Case study: Results of a Recurrence Quantication Analysis and a Multifractal
Detrended Fluctuation Analysis using 20 time periods a 45s over a total time period of 21
minutes. (a) Entropy (Ent) is computed as the Shannon entropy of the distribution of the
repeating pattern of the system. If a signal has high entropy it exhibits diversity in short
and long duration periodicities. (b-c) The multifractal spectrum identifies the deviations
in fractal structure within time periods with large and small fluctuations. (d) Determinism
(DET) represents a measure that quantifies repeating patterns in a system and it is a
measure of its predictability. Regular, periodic signals, such as sine waves, will have higher
DET values, while uncorrelated time series will cause low DET. (e) Trapping Time (TT)
represents the average time the system remains in a given state and it is a measure of the
stability of the system. (f) Laminarity (Lam) determines the frequency of transitions from
one state to another, without describing the length of these transition phases. It indexes the
general level of persistence in some particular state of one of the time-series.
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