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Abstract— A new MRI method using the spin-lock sequence
has attracted wide attention because of its potential for detect-
ing small oscillating magnetic fields. However, as the mecha-
nism involved is complicated, we visualized the magnetization
performance during the spin-lock sequence in order to better
understand interaction of the spin-lock pulse and the externally
applied oscillating magnetic fields by means of a fast-and-simple
method using matrix operations to solve a time-dependent Bloch
equation. To improve spin-lock imaging in the detection of
small magnetic fields (in an fMRI experiment that modeled
neural magnetic fields), we observed that the phenomenon
decreases MR signals, which led us to investigate how spin-lock
parameters cause the MR signal to decrease; based on this, we
determined that MR signals decrease in oscillating magnetic
fields that are resonant with the spin-lock pulse. We also
determined that MR signals decrease is directly proportional to
spin-lock duration. Our results suggest that MRI can feasibly
detect oscillating magnetic fields directly by using of the spin-
lock sequence.

I. INTRODUCTION

Functional magnetic resonance imaging (fMRI) is a very
powerful tool for the noninvasive detection of neural ac-
tivities. As the conventional fMRI is based on a blood
oxygenation level dependent (BOLD) contrast, in order to
visualize the effects of hemodynamic response after brain
activation [1], it is limited in terms of temporal and spatial
resolution. In recent years, expectations have been raised for
the arrival of fMRI methods that can detect neural magnetic
fields directly [2]-[5]. Although there have been no reported
fMRI experiments in which neural magnetic fields have been
successfully detected, some researchers claim that such fields
are observable with MRI scanners [2], [5], [6], and have
been trying to visualize changes in phase or in magnitude of
magnetization generated by subtle and transient alternations
of static magnetic fields (By) resulting from neural activities.
However, this method can be affected by phase cancellation
induced by incoherent neuron orientation.

Spin-lock imaging is another reported method for achiev-
ing fMRI focusing on neural magnetic fields [7], [8]. As
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Figure 1.  Spin-lock prepared spin echo pulse sequence. As spin-lock
module consisting of two 7/2 pulses with a spin-lock pulse between them
precedes a conventional spin-echo sequence. Bg) and Ty are the amplitude
and duration time, respectively, of the spin-lock pulse.

this imaging method—which is based on the spin-lock
sequence—does not observe changes in phase or the magni-
tude of magnetization, but instead visualizes the secondary
magnetic resonance between a spin-lock pulse and neural
magnetic fields, it has more potential to clearly detect neural
magnetic fields. It has a further advantage in that it can
potentially detect alternating magnetic fields, such as o (8—
13 Hz) and v waves (25-150 Hz) [9].

To better understand how the spin-lock imaging can detect
the magnetic fields, we evaluated the magnetization behavior
in the laboratory frame and visualized it, by calculating
the Bloch equation by means of a numerical method [10].
We also confirmed that a secondary magnetic resonance
occurs when both the spin-lock pulse and the modeled neural
magnetic fields satisfy various conditions.

II. THEORY

The spin-lock, which is shown in Fig. 1, consists of a spin-
lock module containing two 7/2 pulses with a spin-lock pulse
between them and a conventional spin-echo sequence. The
first /2 pulse and the spin-lock pulse (with amplitude By
and pulse duration 7g;) are applied parallel to the x and y
axes, respectively, whereas the second 7/2 pulse is applied
in the inverse direction to the first one.

The first 7/2 pulse flips the initial magnetization, which
is aligned along the direction of the static magnetic field
By (the z -axis), into the transverse plane (the x-y plane).
Then, while the spin-lock pulse is applied along the y -
axis, this flipped magnetization is locked into the transverse
plane by the spin-lock field Bg. In the frame rotating with
the resonance frequency of By, By acts as a secondary By
field; therefore, a magnetic field oscillating at a resonance
frequency of By (ws = 7 Bg), flips the magnetization
direction. After time T, the second 7/2 pulse is applied and
restores the magnetization y along the z -axis. By renaming
the axes = to y, y to z, and z to x in the doubly rotating
frame, the Bloch equation for magnetization M = (M, M,
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M) behavior during the spin-lock pulse can be formulated:
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where, wy,, = YBn. Bn and w are the amplitude and
frequency of the oscillating magnetic field, respectively, and
T, and T3 represent the 77, and 75 relaxation time,
respectively. Following application of the spin-lock module,
a spin-echo imaging sequence generates MR signals.

While using this spin-echo sequence with spin-lock mod-
ule, an externally applied oscillating magnetic field decrease
the MR signal owing to a secondary magnetic resonance
with the spin-lock field. Based on this effect, by focusing on
neural magnetic fields oscillating at specific frequencies—
such as « and y waves— it is possible to conduct fMRI
studies with the spin-lock sequence [7], [8].

III. METHODS

First, the magnetization behavior in the doubly rotating
frame during the spin-lock pulse was calculated by means of
a matrix operation [10]. The three components of magnetiza-
tion shown in Eq. 1 were transformed in to a singly rotating
frame and assosiated with the magnetization behavior during
the /2 pulses. Finally, the singly rotating frame components
were transformed into the laboratory frame to derive the
time-dependent magnetization behavior.

In order to observe the secondary magnetic resonance
of the spin-lock and the neural magnetic fields via Bloch
simulation, we obtained the signal intensities with a spin-lock
pulse at fixed amplitudes of By of 0.235, 1.17, and 2.35 uT
while changing the frequency w of the oscillating magnetic
field. The Larmor frequencies corresponding to these fixed
amplitudes were 10, 50, and 100 Hz, respectively, and 77,
T35 and Ty, were set to 1100, 75 and 100 ms, respectively,
in order to model human brain gray matter scanned with
1.5 Tesla MRI [11], [12]. To obtain w,,, B, was fluctuated
between 0.5, 1.0, and 5.0 nT while T; was fixed at 100 ms.

Bloch simulations was also used to investigate another
parameter of spin-lock pulse— the influence of 7§ on signal
decrease during secondary magnetic resonance. At the same
value of T1, T3, and T7,, we increased Ty from 0 to 500
ms while changing By, to 0.5, 1.0 and 5 nT. To simulate the
secondary magnetic resonance By and w were set to 2.35
uT (wg = 100 Hz) and 100 Hz, respectively.

IV. RESULTS

Figs. 2(a) and 2(b) show the magnetization behaviors dur-
ing application of the spin-lock module without and with an
externally applied oscillating magnetic field. Magnetization
[My, My, M,] commenced at [0, 0, 1] and was then flipped
into the x-y plane as shown Fig. 2(a). After locked in z-y
plane, the magnetization returned to the z -axis. The decrease

in final M,, is caused solely by T, relaxation. In contrast, the
magnetization that started under the conditions shown in Fig.
2(a) oscillated three-dimensionally, as shown in Fig. 2(b), as
the magnetic field oscillating at the Larmor frequency of the
spin-lock pulse flipped it into the plane perpendicular to the
spin-lock direction acting like 7/2 excitation pulse.

Fig. 3 shows that the ratio M, (on) / M, (off) decreased
when the applied magnetic field was oscillating at a Larmor
frequency of By, as can be seen from the secondary
magnetic resonances with By, at 0.5 and 1.0 nT in Fig. 3
(a) and with By, at 5.0 nT in Fig. 3 (b). It is obvious from
these figures that larger values of B,, correspond to larger
decreases in M, (on) / M, (off); this can be explained as
an effect of the increase in the amplitude of rotation of M,
with increasing By,.

We also investigated the influence of Ty on the decrease
in magnetization during the secondary magnetic resonance.
Fig. 4 shows the magnetization decrease (M, (off) - M,
(on)) / M, (off)) as a function of T on a semi-logarithmic
plot for three values of Bi,. The results of this assessment
show that the magnetization decrease is larger at larger values
of Ty as the magnetization is rotated in proportion to the
duration of Tg;. As shown in Fig. 3, we also obtained similar
results for the influences of B,,, which also originate from
the amplitude of rotation in M,,.

V. DISCUSSION

Several previous studies tried to detect neural magnetic
fields using MRI, cell cultures, and theoretical calculations
[2], [3], [13], [14]. Most of these approached the problem
by trying to observe changes in magnitude or phase images;
however, this strategy has the disadvantage of cancellation
effects owing to spatially disordered structures, oscillation
with a mean phase change of zero, incoherent signals, and
the location of the current source within the given image
voxel [8], [13].

In contrast to this approach, spin-lock imaging can po-
tentially detect such signals without cancellations in the
magnitude or phase images; it can provide T7,-weighted
images, as has been previously done in biomedical imaging
[15], and has advantage of allowing band-selective variants
of the experiments such as those shown in Fig. (3). As
such, spin-lock imaging would be of great use in measuring
biological sources with multiple consistent frequencies [8].

To use spin-lock imaging for fMRI, it must be sufficiently
sensitive to neural magnetic fields. Although the possibility
of detecting such fields is still matter of debate, some re-
search groups have already reported that they could measure
the magnetic fields of sub-nT order using different methods
[21, [3], [7], [8]. Magnetoencephalography (MEG) measure-
ments suggest that evoked or spontaneously synchronized
synaptic activity in the 50,000 or more cortical neurons
occupying an area of one or a few mm? results in magnetic
fields on the order of 0.1 — 1 pT at a distance of 2~4 cm away
from the neuronal source. By contrast, MRI focusing on
voxels at 2~4 mm away from the site of activation, equates to
fields on the order of 0.1 — 1 nT (based on an inverse-square
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Figure 2. The magnetization behavior during spin-lock module without oscillating magnetic field applied (a-1). The time courses of  and y components
of the magnetization (a-2). The time course of z component of the magnetization. The first 2 ms 7/2 pulse flipped M, down to the x-y plane and the
second 2 ms 7 /2 pulse flipped up it to z axis. During the spin-lock pulse, it stayed in z-y plane and was affected by the 77, (a-3). The magnetization
behavior during spin-lock module with oscillating magnetic field applied (b-1). The time course of x and y components of the magnetization (b-2). The
time course of z component of the magnetization. The first 2 ms 7/2 pulse flipped M, down to the z-y plane and the second 2 ms 7 /2 pulse flipped up
it to z axis. During the spin-lock pulse, it oscillated along z axis due to the oscillating magnetic field and was also affected by the 11, (b-3). Here, we
used the parameters: 77 = 1100 ms, T35 = 75 ms, T1, = 100 ms, Bg 2.35 uT (wg = 100 Hz), Ty = 30 ms, By = 0 (a) / 100 (b) ms and w = 0 (a) / 100
(b) Hz. In addition, we chose Bg = 1.5 x 1072 T to visualize the magnetization behavior clearly.
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Figure 3. Percent signal changes originating from secondary magnetic resonance. M, (on) and M. (off) indicate z component of the magnetization at
the end of spin-lock module with and without oscillating magnetic field, respectively. The normalized magnetization (M. (on) / M. (off)) decreases while
wg] and w are on resonance: 10 Hz, 50 Hz and 100 Hz: By, = 0.5 and 1.0 nT (a), B = 5.0 nT (b). As the conventional spin echo sequence starts right
after the spin-lock module, the decreased normalized magnetization leads to the decrease of MR signals.
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Figure 4. Percent signal decrease on the condition of secondary magnetic
resonance. M, (on) and M (off) indicate z component of the magnetization
at the and of spin-lock module with and without oscillating magnetic field,
respectively. The Ty dependencies were simulated with the Bg of 0.5, 1.0
and 5.0 nT.

distance scale (ryece / Tvri)?)) [3]. Moreover, research
estimating neural magnetic fields using model calculation
has claimed that 1,000,000 randomly oriented dipoles (i.e.,
dendrites) within 1 mm?® generate a magnetic field of 0.22
nT [5].

It is thus essential to be able to detect magnetic fields of
0.1 — 1 nT in order to measure brain activation with MRI.
However, it can be seen from Fig. (3) that M, decreases by
only 0.008 and 0.032 % owing to the effects of oscillating
magnetic fields of 0.5 and 1.0 nT, respectively. Even a 5 nT
field can cause a 0.80 % decrease in M,, which is much
smaller than BOLD signal changes. This implies that for
the fMRI experiments an improvement of signal to noise
ratio is necessary; i.e., increasing the number of measurement
repetition. Employing a longer Ty is another way to increase
the signal changes (from Fig. 4 it can be seen that a longer Ty
produces a larger signal decreases). Because it approximately
zeros out BOLD and susceptibility artifacts [16], [17], ultra
— low field MRI has been attracting attentions as a way to
avoid BOLD contamination problems.

Although it does not appear in the Bloch equation(Eq. 1),
By is another parameter of spin-lock pulse that By, affects
Ty, [11], [15]. As with T} and T3, T, also depends on
the magnitude of the static magnetic field By, the properties
of tissues and the amplitude of the applied spin-lock pulse
(this phenomenon is called 77, dispersion) [15]. As a result,
measurements of 7%, based on specific imaging conditions
will be required in simulation.

In this paper, we demonstrated that our Bloch simulation
method is useful in helping to understand the magneti-
zation behavior during application of a spin-lock module.
The secondary magnetic resonance that occurs between the
spin-lock pulse and externally applied oscillating magnetic
fields obviously decreases the value of M, following spin-
lock leading to MR signal reduction. Although our results

show that percentage signal changes resulting from spin-lock
interactions are much smaller than BOLD effects, we suggest
that spin-lock imaging has the potential to allow observation
of neural activation directly by increasing the number of
repetitions and employing ultra-low field MRIs.
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