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Abstract

Brain functions depend on cerebral transport mechanisms which are evidently propelled and regulated throughout
the entire brain [1]. It is generally believed that the main driving force is the cardiac pulse [2] which, after arrival
in the brain, travels effortlessly from the arterial into the veinous system seemingly leaving out what is in-between:
namely the capillaries and the tissue, which both consist of a flow volume many magnitudes larger with a higher
flow resistance than that of the blood vessels. If a pulsatile flow hits both the capillaries and the tissue [3], which
are non-pulsatile regimes without vascular smooth musculature, then it should react like a small wave hitting a big
inert mass. As a result, the wave should lose energy in a scattering process leading to damping, dispersion and
reflection. However, the pulse exits the brain un-scattered [4] leaving us with the open question of what then drives
cerebral dynamics. Here, we wanted to shed light on this mystery by studying microscopic parameters of cerebral
dynamics. As such, we aimed to observe variations in Landau’s order parameter [5] which may be accessible via
multiple spin echos (MSE) [6]. We found MSE oscillations which appeared in brain tissue simultaneously with
the arterial pulse. Those oscillations showed remarkable time pattern which revealed the spontaneous character of
the underlying physiological mechanism. Our finding can be interpreted as a spontaneous symmetry breaking of
the order parameter [7]; a phenomenon also occurring in superfluids. Superfluidity in cerebral dynamics has been
recently discussed [8] as a possible answer to what may drive cerebral flow. It would give an eloquent explanation
for the still controversially discussed cerebral autoregulation [9] because in superfluidity, heat would drive the flow
[10] and not the cardiac pulse. Furthermore, a superfluid would flow dispersion-free whereby membranes would be
of no obstacle because superfluids leak through every pore [11, 12].

In Nuclear magnetic resonance (NMR), two
radio-frequency (RF) pulses combined with a
magnetic field gradient are sufficient to generate
multiple spin echos (MSE) as shown in solid He-
lium in [6], superfluid Helium [13] and in water
[14]. In solid Helium and water, multiple echos
are considered a result of an asymmetry in the
non-linear demagnetisation field. This asymmetry
can be introduced or amplified by gradient fields
[6, 14, 15], RF pulses [16], and local field inhomo-
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geneities and anisotropies [17, 18, 19, 20]. Signal
intensity depends mainly on the asymmetry via
the dipolar correlation distance at which the bulk
of dipolar interactions become visible and on the
effective spin size which depends mainly on the
thermodynamical phase via the spin order [21].
MSE are characterised by the demagnetisation
field’s angle dependency which results in a signal
cancellation at the so-called magic angle, distin-
guishing it from single spin echos (SSE). They
have a common origin and contrast mechanism
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Figure 1: Whole-slice averaged signal time course (selected
by a mask) during 8 heart cycles. Subject had
extra head fixation and was instructed to breath-
hold during the period.

[22, 23] with the intermolecular multiple quan-
tum coherence (iMQC) which was introduced by
Warren et al [15] in liquid NMR. MSE are present
in many MRI sequences in particular in imaging
series which are rapidly repeated. There, crusher
gradients are added between two acquisitions
with the primary intent to dephase any signal
that remains from the previous excitation. This
is where MSE come into the game. They appear
where SSE disappears due to dephasing. In an
imaging series with fast repetitions, single and
multi spin echos will reach a steady state which
then, in case of a human brain, will be disturbed
by movement and physiological changes. In SSEs,
possible signal alternations follow from the Bloch
equations. They conclude changes of the mag-
netisation vector ~M0 which can be changed by
brain movement, flow, and to some extent by dif-
fusion and changes in T1, T2 and T∗

2 relaxation.
T∗

2 fluctuations are mainly influenced by blood
oxygenation and have become the subject of vi-
brant research with applications in psychology
and medicine [24, 25]. Nevertheless, not much is
known about how MSE may vary over time due
to physiological fluctuations.

In our experiments, we used a conventional
single-slice gradient-echo echo planar imaging

series with a short repetition time (TR) instead
of a dedicated MSE sequence as used in most
studies. While this had some limitations towards
the variability of some sequence parameters, it
allowed a simultaneous acquisition of SSE and
MSE which was important. When we used this
sequence in healthy volunteers during rest, we
found a predominate alternation with the cardiac
frequency. In each cardiac cycle, we observed an
interval which varied in length between 150 to
420ms showing a pattern as plotted in Figure 1. It
was characterised by a signal increase of up to 15%
which was modulated by an alternating zigzag.
The start of the interval depended strongly on the
head’s mobility/fixation. The pattern as shown in
Figure 1 was achieved using additional cushions
inside the coil and by breath-holding (without
taking a deep breath). Under normal condition,
the zigzags usually only contain two maxima as
shown in Figure 2.
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Figure 2: Whole-slice averaged signal time course during
normal breathing first. At 60s, the subject was
instructed to hyperventilate. The inlet shows the
total time course with 3 hyperventilation periods
and the selected time interval in red.

Figure 2 shows also how the signal changes
with additional movement through hyperventi-
lation. At 60s, the subject was instructed to hy-
perventilate with the result that the pattern im-
mediately disappeared. In contrast to the initial
variability, the end of the pattern was always well
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defined by an abrupt sudden annihilation which
was coincident with the end-phase of the arte-
rial pulse as shown in Figure 3A and the rise of
veinous outflow as demonstrated in Figure 3B.
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Figure 3: Signal time course (Blue) during 12 heart cycles
compared with A: Simultaneous oximeter read-
ing of a finger (Red) and B: Signal time course
(Red) of a vein.

We located the pattern in tissue over the en-
tire brain except in areas which are known to be
prone to motion like the periventricular area [26].
We also found that the zigzag pattern, including
the sudden end, could be restored while being
averaged over the whole imaging slice (Figure 1).
We used the averaged signal to investigate the
contrast mechanism behind the signal pattern
through varying the following sequence parame-
ters: (a) the slice angulation, (b) the off-resonance
frequency of the saturation pulses, (c) the flip
angle (FA) with saturation pulses, and (d) the

flip angle (FA) without saturation pulses. For (a),
we found the angle dependency of the demag-
netisation field ∼ (3 · cos2[ϕ − ∆θ]− 1) as shown
in Figure 4 where ϕ was the a angle between
the slice gradient and the main magnet field and
∆θ = 9.25◦ a shift. The shift ∆θ incorporated
the mismatch between ϕ, and the angle between
the asymmetry axis and the main magnet field
θ which depended predominantly on the slice
gradients, but also on the phase and readout gra-
dient. For (b), we found a typical magnetisation
transfer contrast (MTC) change for the baseline
signal which depends on the off-resonance fre-
quency (Figure 5A). In contrast, the peak intensity
showed no significant changes in the same fre-
quency range (Figure 5B).
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Figure 4: Signal intensity plotted against the slice gradient
angulation ϕ in respect to the magnetic main
field.

For (c), we found a maximum peak intensity
at 45◦ (Figure 6). It followed the predicted signal
course [27] in a range from 20 to 60◦. For (d),
we could extend our observation to 90◦ where
we found a flat plateau following an initial signal
increase. In comparison with (c) the signal was
lower from 25◦ onwards. From our results, we
conclude that the observed oscillation is gener-
ated by (a) two RF pulses which produced the
zigzag pattern and (b) by the demagnetisation
field which resulted in the angle dependency in
Figure 4. They are the essential ingredients for
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MSE. At the magic angle, the cardiac pattern dis-
appeared completely which leads us to conclude
that it has no SSE component. With the exclusion
of the linear part of the Bloch equation as a source
of the signal pattern, we can now consider what
could have possible impact on the non-linear part.

A BBA

Figure 5: Signal intensity plotted against the frequency off-
set of the saturation slices. A: averaged baseline
signal. B: averaged signal of cardiac pattern

At a 45◦ flip angle (for the case with saturation),
where the pattern has a local maximum, we
found that the signal is remarkably immune to
MTC. The lack of MTC, which is a intramolecular
mechanism, indicates that the observed MSE
signal is not based on intramolecular multiple
quantum coherences. In contrast, iMQC show
a MTR dependency related to the rank of the
tensors l that constituted the iMQC which is
given as (Mz/M0)l where Mz is the longitudinal
magnetisation and M0 its equilibrium value
[28]. Our results indicate a zero rank for the
case with the saturation pulses. From the zero
rank and the optimum angle at 45◦ [27], we
conclude here that the underlying mechanism
is an intermolecular zero-quantum coherence
(iZQC). Although, our result shows a clear iZQC
contrast the physiological change is not specific
to iZQC. This can be concluded from the flip
angle dependency without the saturation pulses.
There, we found in contrast to the exclusive
iZQC with the saturation pulses, a mixture of all
quantum orders n with maxima ranging from
45◦ (n=0), 60◦ (n=-2), 71◦ (n=-3), 75◦ (n=-4), 78.5◦

(n=-5), etc [27]. The lower signal intensity from
30◦ onwards resulted from destructive coherences
of the multiple orders which were generated
with different phases [21] and a rotation of the
asymmetry axis due to the missing gradients of
the saturation pulses.
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Figure 6: Whole-slice averaged signal time course plot-
ted against flip angle variation with saturation
pulses (Blue) and without (Grey). IZQC predic-
tion plotted in Red.

We can now conclude that only changes in (a)
structure [17, 18, 19, 20], (b) the long distance
correlation [6, 18], or (c) the spin size number
[15, 21] are possible to explain our observed
signal. We exclude (a) because structural changes
involving cell deformation, swelling or orienta-
tion on a time scale of some tens of milliseconds
all over the brain would have an impact on total
brain volume or pressure. Such a phenomenon is
unknown and impossible to overlook.
For (b), we can compare the result between
sequences with and without saturation again.
The correlation distance defined by the crusher
gradients is in the range 800 microns without
saturation pulses and 140 microns with the
saturation pulses. Both methods show only
a marginal difference in the pattern signal
intensity from which we can can conclude that
we observed a strong long distance coupling with
∼ r3 (with r the distance between spins). It also
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means that (c) the spin size number increased
during the pulsation.

In summary, we found evidence that dur-
ing the pulse the brain switches into a system of
higher ordering reflecting a thermodynamical
phase transition. A sudden change in phase, as
observed here, with a fast on- and offset bears all
the hallmarks of spontaneous symmetry breaking
[7]. Further discussions can be found in [8].

Materials and methods

40 subjects (between 18 and 46 years old) were
scanned in a 3.0 T Philips whole-body MRI
scanner (Philips, The Netherlands) operating
with a 32-channel array receiver coil. Imaging
protocols using standard single-shot GE EPI
sequence were approved by the Trinity College
School of Medicine Research Ethics Committee.
Initial experiments were carried out to establish a
protocol that could deliver stable cardiac related
signals over a range of subjects. The finalised
parameters of the EPI sequence were as follows:
FA = 45◦, TR = 45 ms and the TE = 5 ms with
a voxel size was 3.5 x 3.5 x 3.5 mm, matrix size
was 64x64, SENSE factor 3, bandwidth readout
direction was 2148 Hz, saturation pulse was 6 ms
with 21mT/m gradient strength. The imaging
slice was set coronal above the ventricle. In
addition, two saturation slices of 5 mm (15mm
above and 20mm below) in thickness were
placed parallel to the imaged slice. These slabs
were applied to suppress unwanted flow from
blood vessels and mainly to introduce MTC. The
following alternation (each with 1000 repetitions
in five participants) were carried out, (a) slice
angulation starting from coronal 0◦ to axial 90◦
in the steps as [0, 10, 20, 30, 40, 45, 50, 55, 60, 65,
70, 80, 90] , (b) the distance of the REST slabs
were varied between 0.8 mm and 50 mm to alter
the off-resonance frequency. The off-resonance
frequencies were [2.62, 3.49, 4.36, 5.23, 6.11, 6.98,
7.84, 8.73, 9.60, 10.47, 12.22, 13.96, 15.71, 17.45]
kHz, (c) Flip angle was varied for the case with
saturation pulses from 5◦ to 60◦ in steps of 5◦ (60◦
was the power limit by the specific absorption
rate (SAR)) and without saturation pulses from

5◦ to 90◦ in steps of 5◦, (d) 9 slices were acquired
at different positions, with each slice matching
from bottom to the top the position of those
acquired in the anatomical scan.
In four participants, we examined the motion
sensitivity where we fixated the head with
multiple cushions. During indicated intervals the
subjects were asked to stop breathing for 20 s or
to hyperventilate for 40 s. Finally, anatomical MRI
images in all studies included a high-resolution
sagittal, T1-weighted MP-RAGE (TR = 2.1 s, TE =
3.93 ms, flip angle = 7◦).
Data processing was processed with Matlab 2014a
(http://www.mathworks.co.uk/). Rescaling
was applied to all datasets before any analysis
using the MR vendor’s instructions. Average
time series were visually inspected in search
for irregularities which were manually removed
from the analysis leaving the rest of the time
series unaltered. Manual segmentation was used
to create a mask to remove cerebral spinal fluid
(CSF) contributions. The first 100 scans were
removed to avoid signal saturation effects. The
manual segmentation of the masks was eroded to
avoid partial volume effects at the edges.
The cardiac signal and baseline detection was
based on the method proposed in Gomes
and Pereira [29]. Final data presentation was
carried with Mathematica (Wolfram Research,
Champaign, Illinois).
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