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Abstract

Current functional MRI techniques relying on hemodynamic modulations are inherently limited in their ability to accurately localize
neural activity in space and time. To address these limitations, we previously proposed a novel technique based on the Lorentz effect and
demonstrated its ability to directly image minute electrical activity with a millisecond temporal resolution in gel phantoms containing
conductive wires as well as in the human median nerve in vivo. To better characterize its contrast mechanism and ultimately further
improve its sensitivity for in vivo applications, we now apply this technique to image ionic currents in solution, which serve as a better
model for neural conduction in biological systems than the electronic currents in conductive wires used in previous phantom studies. Our
results demonstrate that ionic currents with durations and current densities on the same order of magnitude as those induced by neu-

roelectric activity in nerve fibers and in the brain can be detected.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Existing functional MRI (fMRI) techniques based on
hemodynamic modulations, such as blood oxygenation
level-dependent (BOLD) fMRI, are widely used to investi-
gate the function of the human nervous system, but are
inherently limited in their ability to accurately localize neu-
ral activity in space and time. As such, there has been an
increasing interest over the past few years in the develop-
ment of novel MRI techniques that can directly image neu-
ral activity in vivo, thereby combining the noninvasiveness
and high spatial resolution advantages inherent in MRI
with the high temporal resolution of modalities such as
electroencephalography (EEG) and magnetoencephalogra-
phy (MEG).

A number of studies have recently attempted to use
MRI for detecting the minute magnetic field changes
induced by neuronal currents [1]. These works included
theoretical modeling [2-5] as well as experimental studies
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in phantoms [6-8], cell cultures [9], snail ganglia [10], optic
nerves [11,12], and human brains, with both positive [13—
17] and negative [18-20] findings. Despite some encourag-
ing results, the direct imaging of neural activity in vivo
has been challenging because of the extremely small activa-
tion-induced magnetic field changes as well as multiple syn-
chronized confounding signals reflecting hemodynamic
modulations or physiological noise.

To boost the signal detectability, we previously pro-
posed an alternative technique called Lorentz effect imag-
ing (LEI) [21] that can detect spatially incoherent yet
temporally synchronized minute electrical activity in a
strong magnetic field. We initially demonstrated its ability
to directly image electrical currents on the order of mic-
roamperes with a temporal resolution on the order of mil-
liseconds in gel phantoms containing conductive wires [22].
More recently, we successfully applied this technique to
directly image neuroelectric activity in vivo in the human
median nerve during electrical stimulation of the wrist
[23]. Such a real-time and noninvasive neuroimaging tech-
nique may potentially find broad applications in neurosci-
ences. To better characterize its contrast mechanism and
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gain new insights that could further improve its sensitivity
for in vivo applications, we now apply the LEI technique to
image ionic currents in solution, which are more relevant to
neural conduction in biological systems and differ from the
electronic currents in conductive wires used in previous
phantom studies.

2. Methods
2.1. Theory

An ion with a charge ¢, a mass m, and a velocity v con-
tained in an ionic solution exposed to an electric field E and
a magnetic field B experiences a Lorentz force Fy gren, and
a drag force F g, 50 that its equation of motion is given by:

FLorentz+Fdrag:q(E+VXB)—bV:de/dI, (1)

where b is a constant. In the case of a uniform static mag-
netic field B oriented along the z axis, Eq. (1) becomes:

q(Ex + v,B) — bv, = mdv,/dt, (2)
q(E, — v,B) — bv, = mdv,/dt. (3)

Thus, in the presence of a spatially varying electric field,
the ions contained in the solution, and consequently the
water molecules surrounding them, experience a spatially
incoherent displacement induced by the Lorentz force. In
the LEI technique, a magnetic field gradient is applied so
that the spins affected by such an incoherent displace-
ment experience a dephasing proportional to its ampli-
tude and duration, which in turn results in a signal
loss within a voxel. Furthermore, multiple cycles of oscil-
lating gradients synchronized with the Lorentz force
(Fig. 1) can be applied to amplify the loss of phase
coherence, and thus significantly increase the sensitivity
of the technique [22,23].
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Fig. 1. Gradient echo pulse sequence diagram with multiple cycles of
oscillating gradients applied in the readout and phase-encoding directions
between excitation and data acquisition. The ionic current is synchronized
with the pulse sequence such that it is turned on only during the positive
lobes of the oscillating gradients.

2.2. Simulations

To get an insight into the trajectory of the ions experi-
encing the Lorentz effect, simulations were performed for
the case of a sphere of diameter d containing a CuSOy, solu-
tion and exposed to a dipolar electric field generated by two
electrodes placed on each side of the sphere (Fig. 2).
Assuming that these electrodes are located at x; = (—d/2;
0) and x, = (d/2; 0) with a voltage U/2 and —U/2, respec-
tively, the electric field is given by:

""‘2]. (4)
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Eqgs. (2) and (3) were numerically solved with an explicit
Runge-Kutta algorithm for a series of Cu*" and SO,*
ions initially at rest in the vicinity of the positive and neg-
ative electrodes, respectively, using the following parame-
ters: ¢(Cu*")=3.204x 107" C, ¢(SO,>" ) = —3.204 x 107"
C, m(Cu®") = 1.055 x 107 kg, m(SO,>") = 1.595 x 107
kg, d =10cm, U =5V, B =4T, and an empirically deter-
mined constant b = 2.5 x 10~'® kg/s. The simulations were
performed in Maltab (The MathWorks, Inc., Natick, MA).

2.3. Experiments

To demonstrate the Lorentz effect in ionic solutions
experimentally, a 10-cm diameter spherical phantom was
filled with a 2.8g/l CuSO, solution (7, = 120 ms,
T, =75ms) and two copper wire electrodes were tightly
inserted through holes located on each side of the phantom
(Fig. 2). The electrodes had a diameter of 2 mm and a
length of 4 mm inside the phantom, the electrical conduc-
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Fig. 2. Simulated trajectories of a series of Cu®* and SO,> ions in a
sphere containing a CuSOy solution exposed to a uniform static magnetic
field and a dipolar electric field induced by two electrodes located on each
side of the sphere.
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tivity of the solution was 1.4 S/cm, and the resistance of the
phantom was 1 kQ. The electrodes were positioned orthog-
onal to the main magnetic field and connected via shielded
cables to a square wave pulse generator triggered by the
scanner such that the current was turned on only during
the positive lobes of the oscillating gradients. They were
replaced regularly between experiments to prevent exces-
sive electroplating.

Four experiments were performed at 20°C on a 4T
MRI scanner (GE Healthcare, Milwaukee, WI) using a
shielded quadrature birdcage head coil and whole-volume
high-order shimming. Gradient echo images were acquired
using the following parameters: repetition time (TR)
150 ms, echo time (TE) 71 ms, flip angle 60°, field-of-view
12 cm, matrix size 256 x 128, and slice thickness 5 mm.

Experiments 1 and 2 were performed to investigate the
signal dependence on the current amplitude, the current
polarity, and the oscillating gradients, and thus validate
the contrast mechanism of the LEI technique for ionic cur-
rents in solution. In Experiment 1, an axial slice containing
both electrodes was successively acquired using a current
amplitude of 0, 0.1, 0.2, 0.5, 1, 2, and 5 mA, with both posi-
tive and negative polarity. Four averages were used for cur-
rent amplitudes below 0.5 mA to increase the signal-to-
noise ratio. A total of 15 cycles of oscillating gradients with
an amplitude of 36 mT/m and a duration of 2 ms for each
lobe were applied along both the readout and phase-encod-
ing directions. The resulting b-factor was only 9 s/mm?,
thus causing negligible signal attenuation due to diffusion
weighting. In Experiment 2, the same axial slice was
acquired using a current of 0 and 5 mA, but with no oscil-
lating gradients applied.

The current pulse duration in the previous experi-
ments was 2 ms, which is on the same order of magni-
tude as neuroelectric activity induced in nerve fibers.
To demonstrate that the LEI technique can also detect
ionic currents similar to those induced by neural activity
in the brain, which last on the order of tens of millisec-
onds, Experiment 3 was performed using a longer cur-
rent pulse duration of 10ms and oscillating gradient
parameters adjusted accordingly. A total of three cycles
of oscillating gradients with an amplitude of 9 mT/m
and a duration of 10 ms for each lobe were applied to
maintain the same b-factor and imaging parameters as
in Experiment 1, and the same axial slice was acquired
using a current of 0 and 5 mA.

Finally, Experiment 4 was performed to better assess the
spatial characteristics of the signal changes over a three-
dimensional volume and to estimate the ionic current den-
sity that can be detected. A series of 19 contiguous slices
covering the whole phantom were acquired with a current
of 0 and 5 mA using the same oscillating gradients as in
Experiment 1. A sagittal slice orientation was chosen to
provide a high spatial resolution in both directions orthog-
onal to the direction of the ionic current, and thus allow a
more accurate estimation of the current density. The differ-
ent slices were acquired separately rather than using a mul-

tislice acquisition to ensure that only one train of current
pulses was triggered per TR period.

3. Results
3.1. Simulations

The results of the simulations (Fig. 2) show that the
Cu?" and SO,>" ions, although moving in opposite direc-
tions towards the negative and positive electrode respec-
tively, both follow trajectories that are curved
downwards, as predicted by the direction of the Lorentz
force (see Eq. (1)). As such, their envelope forms a charac-
teristic “‘banana-shaped” trajectory between both elec-
trodes. Although these simulations did not take into
account effects such as the boundary conditions or interac-
tions between ions, they do nevertheless provide an insight
into the overall trajectory of the ionic current, which can be
compared with the experimental results.

3.2. Experiment 1: signal dependence on the ionic current
amplitude and polarity

The results of Experiment 1 are shown in Fig. 3. The
images acquired with different ionic currents (Fig. 3a) show
a predominant signal loss along a curved trajectory
between both electrodes, consistent with the simulations.
This effect gradually increases with the current amplitude,
which can be better visualized on the difference images
obtained by subtracting the reference image acquired with-
out current from each image (Fig. 3b). Furthermore, the
trajectory is curved downwards or upwards for positive
and negative currents respectively, as predicted by the
direction of the Lorentz force. Although signal loss is pre-
dominant, there are also some regions with signal increase
due to flow effects, which will be discussed in Section 4.

3.3. Experiment 2: signal dependence on the oscillating
gradients

The results of Experiment 2 (Fig. 4), in which images
were acquired with a current but without oscillating gradi-
ents, show no significant signal changes, demonstrating
that oscillating gradients synchronized with the current
are critical to generate a contrast. This control experiment
thus confirms that the dominant contrast mechanism in
Experiment 1 is indeed the loss of phase coherence gener-
ated by the oscillating gradients of the spins experiencing
a spatially incoherent displacement due to the Lorentz
force. Furthermore, these results also demonstrate that
there is no signal loss caused by susceptibility effects of
micro-bubbles formed during electrolysis or by the mag-
netic field induced by the ionic current. The characteristic
signal dependence on the current amplitude, the current
polarity, and the oscillating gradients, observed in Experi-
ments 1 and 2, and previously demonstrated for electronic
currents in conductive wires [22], thus validates the basic
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Fig. 3. Experiment 1. (a) Axial images of the phantom acquired with different ionic current amplitudes and polarities using 15 cycles of oscillating
gradients with a duration of 2 ms for each lobe. (b) Difference images obtained by subtracting the reference image acquired without current from each
image in (a). The main magnetic field points out of the image plane. The signal intensity in (a) and (b) is expressed as a percentage of the mean signal

intensity inside the phantom in the image acquired without current.
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Fig. 4. Experiment 2. Axial images of the phantom acquired without and
with current but no oscillating gradients, and resulting difference image.
The signal intensity is expressed as a percentage of the mean signal
intensity inside the phantom in the image acquired without current.

contrast mechanism of the LEI technique for ionic currents
in solution.

3.4. Experiment 3: signal dependence on the ionic current
duration

The results of Experiment 3 (Fig. 5), in which a longer
current pulse duration was used, are very similar to those
obtained in Experiment 1 with a current of 5 mA. These
experiments thus demonstrate that the LEI technique can
detect ionic currents with a duration ranging from millisec-
onds to tens of milliseconds, which is on the same order of
magnitude as neuroelectric activity induced in nerve fibers
and in the brain, respectively.

0mA 5mA 200 difference 40
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Fig. 5. Experiment 3. Axial images of the phantom acquired without and
with current using three cycles of oscillating gradients with a duration of
10 ms for each lobe, and resulting difference image. The signal intensity is
expressed as a percentage of the mean signal intensity inside the phantom
in the image acquired without current.

3.5. Experiment 4. signal dependence over a three-
dimensional volume

The results of Experiment 4 are shown in Fig. 6. The
images acquired without current were first subtracted from
those acquired with a 5 mA current. To better visualize the
spatial characteristics of the signal changes over the whole
phantom, “activated” voxels were defined as those experi-
encing an absolute signal change exceeding a given thresh-
old, ranging from 20% to 60% of the mean signal intensity
inside the phantom in the images acquired without current.
These voxels were defined using both positive and negative
signal changes in order to obtain a continuous trajectory
for the ionic current. The resulting volumes of activated
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Fig. 6. Experiment 4. Volumes of “‘activated” voxels, defined as those experiencing an absolute signal change exceeding the threshold indicated below each
image, expressed as a percentage of the mean signal intensity inside the phantom in the images acquired without current.

voxels (Fig. 6) clearly show a three-dimensional ‘“‘banana-
shaped” trajectory between both electrodes in the lower
hemisphere of the phantom, consistent with the simula-
tions and the results of Experiments 1 and 3. Lower thresh-
olds result in a larger number of isolated clusters of
activated voxels outside of the main volume, whereas
higher thresholds result in a larger number of holes inside.
However, the overall shape of the trajectory is preserved
across the range of thresholds. The optimal threshold for
which the activated volume best covers the full trajectory
of the ionic current was determined to be 40%.

4. Discussion
4.1. Flow effects

Our experiments have shown that the LEI technique
can be applied to image ionic currents in solution and
that its dominant contrast mechanism is the signal loss
caused by the intravoxel incoherent displacement of the
spins experiencing the Lorentz effect. However, there
are also some regions with cyclic alternations of signal
increase and decrease along the trajectory of the ionic
current. These signal changes are due to the bulk motion
of water molecules induced by the displacement of the
ions, as in-plane motion of spins in the presence of mag-

netic field gradients causes phase shifts that can lead to
constructive or destructive interference, resulting in a sig-
nal increase or decrease in magnitude images. Flow
effects can thus help enhance the contrast in the presence
of oscillating gradients. However, the displacement of
water molecules induced by the ions can potentially
extend over distances larger than the voxel size, thereby
reducing the spatial specificity of the activation maps.
Nevertheless, our simulations have shown that the over-
all trajectory of the ionic current (Fig. 2) is generally in
good agreement with the volume of activated voxels
(Fig. 6), indicating that the spatial dispersion is not very
significant. Furthermore, a histogram of the signal differ-
ence inside the phantom between the images acquired
with and without current in Experiment 4 (Fig. 7) shows
that the proportion of activated voxels experiencing a
signal decrease is significantly larger than the proportion
of activated voxels experiencing a signal increase, con-
firming that flow effects only have a small contribution
to the overall signal changes. More importantly, while
such effects are clearly visible in our experiments because
flow was not restricted inside the phantom, they are
expected to be significantly smaller for in vivo applica-
tions, since the movement of water molecules in biologi-
cal tissues is restricted over distances much shorter than
the voxel size.
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Fig. 7. Experiment 4. (a) Histogram of the signal intensity difference inside the phantom between the images acquired with and without current.
(b) Number of activated voxels experiencing a signal decrease or a signal increase for different thresholds. The signal intensity in (a) and the thresholds in
(b) are expressed as a percentage of the mean signal intensity inside the phantom in the images acquired without current.
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4.2. Estimation of the current density

The volume of activated voxels from Experiment 4
(defined using the optimal threshold of 40%) was used to
estimate the ionic current density. To this end, the total
current amplitude (5 mA) was divided by the cross-sec-
tional area of the volume for each sagittal slice. This calcu-
lation assumes that the ionic current is orthogonal to each
cross-section, which is not true in the vicinity of the elec-
trodes where the trajectory is significantly curved. Further-
more, the current density can be expected to be higher near
the electrodes and lower at the center of the phantom. As
such, only the five central sagittal slices were used, and
the average ionic current density was found to be 7.5 pA/
mm?. Since some of the activated voxels, which were
defined using both positive and negative signal changes,
could potentially be attributed entirely to flow effects, the
current density might be underestimated. Nevertheless, this
value is on the same order of magnitude as the current den-
sities previously detected with the LEI technique in gel
phantoms containing conductive wires [22] and, more
importantly, as those generated by the synchronized activ-
ity of a functional cortical unit in the brain, typically con-
sisting of 10*-10° neurons/mm? [24]. In Experiment 4, a
relatively high current amplitude was used to induce large
signal changes along the full trajectory between both elec-
trodes, and thus allow a more accurate estimation of its
cross-sectional area for each slice. However, as shown in
Experiment 1, significant signal changes can still be
detected at lower current amplitudes. Furthermore, the
sensitivity of the LEI technique can be independently
increased by using a larger number of averages, a higher
magnetic field strength, and/or stronger oscillating gradi-
ents. These results thus support its potential application
to biological systems.

5. Conclusions

Our studies have demonstrated that the LEI technique
can be applied to image ionic currents in solution. The
characteristic signal dependence on the current amplitude,
the current polarity, and the oscillating gradients was
observed, thus validating its basic contrast mechanism.
Ionic currents with durations and current densities on the
same order of magnitude as those induced by neuroelectric
activity in nerve fibers and in the brain were detected, con-
firming its adequate sensitivity. Further studies are cur-
rently underway to apply and optimize this technique for
in vivo applications.
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