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Abstract
Neuroscience methods entailing in vivo measurements of brain activity have greatly contributed to our
understanding of brain function for the past decades, from the invasive early studies in anirrtals using
single-cell electrical recordings, to the noninvasive techniques in humans of scalp-recorded electroen
cephalography (EEG) and magnetoencephalography (MEG), positron emission tomography (PET),
and, most recently, blood oxygenation level-dependent (BOLD) functional magnetic resonance imag
ing (fMRI). A central objective ofthese techniques is to measure neuronal activities with high spatial and
temporal resolution. Each of these methods, however, has substantial limitations in this regard. Single-cell
recording is invasive and only typically records cellular activity in a single location; EEG/MEG cannot
generally provide accurate and unambiguous delineations of neuronal activation spatially; and the most
sophisticated BOLD-based fMRI methods are still fundamentally limited by their dependence on the
very slow hemodynamic responses upon which they are based. Even the latest neuroimaging methodol
ogy (e.g., multimodal EEG/fMRI) does not yet unambiguously provide accurate localization ofneuronal
activation spatially and temporally. There is hence a need to further develop noninvasive imaging meth
ods that can directly image neuroelectric activity and thus truly achieve a high temporal resolution and
spatial specificity in humans. Here, we discuss the theory, implementation, and potential utility of an
MRI technique termed Lorentz effect imaging (LEI) that can detect spatially incoherent yet temporally
synchronized, minute electrical activities in the neural amplitude range (microamperes) when they occur
in a strong magnetic field. Moreover, we demonstrate with our preliminary results in phantoms and in
vivo, the feasibility of imaging such activities with a temporal resolution on the order of milliseconds.
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1. Introduction
Over the years, functional neuroimaging research has seen
tremendous progress and greatly improved our understanding of
brain function. The continuous pursuit to better measure neu
ral activity has led to many exciting technical advances, including
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single-cell electrical recordings, electroencephalogram (EEG),
magnetoencephalogram (MEG), positron emission tomography
(PET), and most recently, functional magnetic resonance imag
ing (fNlRI). To date, however, these techniques are either invasive
or limited in their ability to accurately localize neural activities in
space or in time. Even when the latest multimodal neuroimag
ing methodology is used, there remain fundamental limitations
that introduce sources of error and interpretative difficulties. For
example, the simple combination ofEEG (which has a high tem
poral resolution) and fNlRI (which has a high spatial resolution)
does not generally provide an unambiguous delineation of the
spatiotemporal sequence of functional brain activity.
Among all the neuroimaging methods currently available,
fNlRI (1-4) has experienced a particularly explosive growth in
recent years. The noninvasive nature of magnetic resonance imag
ing (MRI), along with its high apparent spatial resolution and
moderate temporal resolution, rapidly engendered its emergence
as one of the dominant techniques in functional brain research.
Just about all of the fNlRI contrast mechanisms developed thus
far, however, have relied on indirect measures of neuronal activity.
For example, the widely used blood oxygenation level dependent
(BOLD) contrast relies on relative oxygenation changes, perfu
sion contrast relies on cerebral blood flow (CBF) changes, and
cerebral blood volume (CBV) contrast relies on task-induced ves
sel expansion. Yet, none of the activities that these techniques
measure are themselves thought to mediate information process
ing in the brain, but rather are hemodynamic ramifications of the
neuronal activity itself. The hemodynamic modulations inevitably
disperse the observed functional signal change both spatially and
temporally, despite the high apparent spatiotemporal resolution of
these techniques (5) 6). Ideally, one would want to bypass these
indirect markers and. measure the activity of neurons directly.
Motivated by the many advantages of MRI ideal for investigat
ing brain function, researchers in the MR community have thus
begun exploring and extending its use with the goal of being able
to directly image transient neuronal activities.
Thus far, however, this type of direct MRI technique, albeit
theoretically conceivable and probably the most intriguing, has
still remained largely unattainable. The goal of noninvasive detec
tion of neuroelectric activity with high spatiotemporal resolution
has been extraordinarily challenging in the context of neuroimag
ing, as the electrical activity of neuronal tissue is extremely weak
and the imaging voxels quite small. Indeed, even direct intracra
nial recordings of evoked local field potentials, which collectively
acquire electrical signals from an area on the order of I cm 2 ,
only measure potentials on the order of a few hundred microvolts
and require hundreds of time-locked signal averages. Further,
the electrical activities are also temporally transient and spatially
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inhomogeneous, exacerbating the difficulties in direct imaging of
neural activity using MRI. Nonetheless, theoretical models and
initial experiments have been proposed and carried out, which
have helped shed light on the tantalizing possibility of direct and
noninvasive MRI of neurons in action.
An early MRI study in 1989 by Joy et al. (7) provided intrigu
ing results. The authors used spin echo phase imaging to assess
the magnetic field perturbations induced by externally injected
electrical currents, both in phantoms and in vivo. Their results
showed that electrical currents in biological systems on the order
ofmilliamperes could be detected by acquiring phase maps during
stimulation. Since neuronal action potentials are essentially elec
trical depolarizations, these results suggested that it may be possi
ble to image neuronal activity directly using MRI. It first appeared
that the limitation was simply the low signal-to-noise ratio (SNR),
which could be improved by using time-locked averaging ofmul
tiple trials, as is used in techniques such as event-related potential
(ERP/EEG) and event-related field (ERF/MEG) recordings and
with event-related BOLD fMRI. However, many sechnlcal chal
lenges arose in addition to the SNR limitations, including the
spatially incoherent and temporally transient nature of the neuro
electric activity, and the multiple confounding synchronized sig
nals reflecting BOLD, CBV, and CBF changes or physiological
noise. These proved to be extremely difficult to address, and as a
result there were virtually no breakthroughs in the decade follow
ing the initial demonstration.
Nevertheless, interest was renewed in the late 1990's after a
decade of explosive fMRI research based on the hemodynamic
(e.g., BOLD) contrasts. While researchers across various disci
plines continue to be deeply attracted to such fMRI methods,
neuroscientists and physicists have relatively quickly reached their
intrinsic spatiotemporal limitations to truly interpret the neural
activities. Several groups have thus recently assessed the feasibil
ity of using MRI for direct imaging of neuronal activation, more
specifically by attempting to detect the minute magnetic field
changes induced either by electrical currents in phantoms (8-10)
or by neuronal currents during evoked or spontaneous brain activ
ity in cell cultures or human subjects (11-22). Despite some
encouraging results, many issues remain controversial. For exam
ple, several simulations (10) 15) and experimental (14) 17) stud
ies have shown that phase images are more sensitive to magnetic
field changes induced by neuronal currents than are magnitude
images, yet others claim the opposite (12) 20) 21). Furthermore,
several attempts at reproducing the positive results obtained in
earlier studies have been unsuccessful (13) 22). Whether conclu
sive or not, all of these studies were intrinsically limited by the
small magnitude of the magnetic field changes induced by neu
ronal activation. Moreover, and probably more importantly, they
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did not take advantage of the strong main magnetic field and
high-power gradient systems of modern MRI scanners.
To boost the signal detectabiliry, we propose a new MRI
technique termed Lorentz Effect Imaging (LEI) (23] 24), which
uses magnetic field gradients to significantly amplify and detect
the Lorentz effect induced by spatially incoherent yet temporally
synchronized neural-range electrical activity in a strong magnetic
field. In the present work, we demonstrate its feasibility for imag
ing electrical currents on the order of microamperes with a tem
poral resolution on the order of milliseconds in gel phantoms and
in vivo (24]25).

2. Theory
The LEI technique relies on the well known Lorentz effect,
whereby a current-carrying conductor (or individual ions)
exposed to a magnetic field experiences a Lorentz force equal to
the cross product of the current vector (or electric charge) and the
magnetic field. If the conductor (or individual ions) is surrounded
by an elastic medium, this force induces a spatially incoherent dis
placement of the elastic medium in adjacent regions, resulting in a
spatially incoherent displacement of the spins in these regions. In
the presence of a magnetic field gradient, these spins experience a
loss of phase coherence, which in turn results in a destructive sig
nal summation within a voxel and, thus, a signal decay similar to
that seen in the transverse relaxation effect. This contrast mecha
nism remains valid even for randomly oriented electrical current,
or ionic flows, within a voxel, as the resultant spatially incoherent
displacement of surrounding media (e.g. water molecules) still
leads to a destructive signal summation, as shown in our recent
manuscript (26).
Since a magnetic field gradient also induces a loss of phase
coherence of the static spins, resulting in an unwanted signal
attenuation outside the regions of interest, balanced gradients
(with positive and negative lobes of the same amplitude and dura
tion) need to be applied, so that the phase shifts experienced
by the static spins are rephased, as in diffusion-weighted imag
ing. These gradients must then be synchronized with the current
such that it occurs only during either the positive or the nega
tive lobe in order to preserve the phase shifts due to the Lorentz
force-induced displacement. Furthermore, multiple cycles ofsuch
synchronized oscillating gradients can be used to greatly amplify
the loss of phase coherence due to the Lorentz effect, and there
fore increase the sensitivity of the technique. In this work, we
use a gradient echo sequence with a series of oscillating gradients
applied between excitation and data acquisition (Fig. 14.1).
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Fig. 14.1 . Pulse sequence diagram for the phantom experiments. Gradient echo
sequence with n (in this example , 5) cycles of oscillating magnetic fiel d gradients (with
positive and negative lobes of amplitude Gand duration T, shown in dark and lightgray?
applied inthereadout and ph aseencoding directions between excitation and data acqui
sition. Th e current is synchronized withthepu lse sequence suchthatit is on only during
the positivelobesof theoscillating gradients. In the third study (bottom line), the current
is delayed with respect to theoscillating gradients (in this example, by two cycles).

T hou gh LEI effect applies to ionic flows (26) and is not
limited to a wir e mo del , here we use th e following simple model
to help provide insight into the contrast mechanism of the
LEI technique . Here, we consider a cylind rical current- carrying
conducto r or ient ed along the y axis, placed in a magne tic field
oriented along th e Z axis, and sur ro un ded by a homogen eous,
isotro pic, and linear elastic mediu m (Fig. 14.2). The resulting

z

a
Fig. 14.2. A basic mod el of the signal loss. A current-carrying conductor (black circle)
orthogonal to the plane of the figure, placed in a magnetic field oriented along the z axis,
an d surrounded by a linear elastic medium, experiences a Lorentz force resulting in a
spatially incoherent displacement 6l(x, z) of the elastic med ium in the x direction rang
ing between 0 and 6l,.,ax . It is assumed thatthere is nodisplacement in the Ix < OJ
region and that there is an empty space in the hatched region (see text).

302

Song et al.

Lorentz force, oriented along the x axis and proportional to
the current and the magnetic field, induces a displacement
!1l max of the conductor in the x direction, leading to a spatially
incoherent displacement !1 l(x, z) of the surrounding elastic
medium in the x direction. We assume that the deformation
is elastic, i.e., the displacement is proportional to the applied
force and inversely proportional to the Young's modulus of the
elastic medium (Hooke's law). Furthermore, we assume that the
conductor does not adhere to the elastic medium, so that it only
induces a compression of the elastic medium on one side, but
no dilation on the opposite side, thus leaving an empty space
behind it. Because of the symmetry with respect to the z axis, we
consider only the {z 2: O} region from now on. The maximum
displacement experienced by the elastic medium is equal to the
displacement of the conductor !1l max and occurs at (x = !1l max ,
z = 0). As a first order approxirrfation, we assume that:
1. (1) There is no displacement in the {x ::'5: O}, {x 2: L}, and {z 2:
M} regions (where Land M are defined in Fig. 14.2);
2. There is an empty space in the {O < x < !1l max(M-z)/M}
region (hatched in Fig. 14.2); (3) The displacement !11 at an
arbitrary point (x, z) in the {!1lmax(M-z)/M::'5: x::'5: L} region
decreases linearly from !1l max to zero as follows:

L-x

!11(x, z) =

L - !1 lmax

M

;;;Z

M-z
- - ! 1 lmax

(14.1)

M

In this region, the spin density is therefore equal to

L

I

p (z)

= P L  !1lmax Mi/ '

(14.2)

where p is the spin density in the absence of Lorentz force, and
the phase shift obtained by applying n cycles of oscillating gra
dients (whose positive lobes are synchronized with the current)
along the x axis is given by

1
T

¢(x, z) = y n

G !11(x, z) dt

~ y n G T !11(x, z),

(14.3)

where G and T are the amplitude and duration of one gradient
lobe respectively, and y is the gyromagnetic ratio (27T x 42.57 x
106 radyT for protons). This phase shift is thus directly propor
tional to the displacement. To derive the right-hand side of Equa
tion (14.3), the displacement was assumed to occur over a time
much shorter than T. If this were not the case, the resulting phase
shift would be smaller.
The ratio of the signal intensity with and without Lorentz
effect in a voxel of dimensions L x M can be computed by inte
grating the phase shift over the {O ::'5: x ::'5: L; 0 ::'5: z ::'5: M} region:
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where <Pmax = <p(~lmax). Because of the complex nature of the
compression of the elastic medium, the derivation of an analytical
solution for a more general case is more difficult. Nevertheless,
the simplified model developed here does give an insight into the
signal loss mechanism of the LEI technique, while also providing
a preliminary theoretical foundation for the quantitative evalua
tion of small electrical activity-induced MR signal changes as a
function of the spatially incoherent displacement.
$I'

3. Methods
Building upon this initial theoretical analysis, phantom and in vivo
experiments were designed and carried out to examine the con
trast mechanism of the LEI technique, demonstrate its high spa
tial and temporal resolution, and assess its sensitivity for potential
applications in biological systems.
3.1. Phantom

Experiments

Two spherical gel phantoms (diameter 10 cm, 2.2% gelatin) were
constructed. Phantom A contained a straight bundle of carbon
wires (overall diameter 500 urn), whereas phantom B contained
ten wires (diameter 100 urn) connected in parallel and oriented
in random directions in three dimensions. The wires were
connected via shielded cables to a square-wave pulse generator
triggered by the positive lobes of the oscillating gradients, with
a large resistor (» 1 K n) connected in series to minimize any
current induced by the switching gradients that could contribute
to the Lorentz effect.
All experiments were performed on a 4 T whole-body
MRI scanner (General Electric Medical Systems, Milwaukee,
WI, USA) equipped with a high power gradient system
(40 rn'Tyrn maximum amplitude, 150 Tlmls slew rate), using a
shielded quadrature birdcage head coil. The acquisition param
eters were optimized based on the following considerations.
Equation (14.3) shows that large values for n, G, and Tshould
be used to amplify the loss of phase coherence and thus the result
ing signal decay due to the Lorentz force-induced displacement.
However, the increased diffusion weighting, quantified by the
following b-factor: b = (2/3) n y2 G2 T3 (for one gradient axis)
(27), would result in a global signal attenuation. Since the phase

304

Song et al.

shift is proportional to n, G, and T, whereas the b-factor is pro
portional to n, G2 , and T 3 , it is preferable to use strong and
short, rather than weak and long, gradient oscillations, as well as a
large number of short gradient oscillations rather than fewer long
ones. Consequently, we chose G = 40 m'Ty'm and T = 2 ms. Fur
thermore, another trade-off for using a large number of gradient
oscillations is the increased echo time (TE) needed to accommo
date these gradients, resulting in a global signal attenuation due
relaxation. We, therefore, experimentally determined that
to
a value of n = 15, corresponding to a minimum TE of 71 ms,
was optimal. With this choice ofparameters, a maximum displace
ment ~lmax of 10 u.m would result in a maximum phase shift
cPmax ~ tt and a signal loss R ~ 20%, as estimated from Equa
tions (14.3) and (14.4) respectively. The resulting b-factor is only
9 s/mm2 , thus causing a negligible signal attenuation due to dif
fusion weighting. Other im.;ging parameters were chosen as fol
lows: Repetition time 1000 ms, flip angle 70°, field-of-view 12
ern, matrix size 256 x 128, and slice thickness 5 mm.
Three studies were carried out to assess the dependence of
the LEI signal on the intensity of straight and randomly oriented
electrical currents, as well as its dependence on the synchroniza
tion between the current and the oscillating gradients for a fixed
current intensity.
The first study was conducted on phantom A to evaluate the
sensitivity of the LEI technique using the simplest geometry. The
phantom was positioned in the magnet with the wire orthogo
nal to the main magnetic field to maximize the Lorentz effect.
Axial images were acquired with oscillating gradients applied in
the direction orthogonal to both the wire and the main magnetic
field, since the Lorentz force induced displacement occurs in that
direction. Current pulses ofO, 5, 10,20,50,100,200, and 500
/-LA were applied in synchrony with the positive lobes of the oscil
lating gradients (in separate acquisitions), thus covering the range
of values found in biological systems. Five averages were used for
current intensities up to 20 /-LA to increase the SNR.
The second study was conducted on phantom B to demon
strate the feasibility of the LEI technique to detect currents
flowing in multiple directions with a more complex geometry.
All parameters were identical to those used in the first study,
except that oscillating gradients were applied along both direc
tions orthogonal to the main magnetic field. The LEI technique
can detect displacements occurring in multiple directions whether
oscillating gradients are applied along only one axis or both axes
orthogonal to the main magnetic field. In either case, it is most
sensitive to displacements occurring in the direction of the largest
gradient. However, when oscillating gradients are applied along
both axes rather than only one axis, this largest gradient is a factor
v'2 larger (assuming they have the same amplitude along both
axes), and consequently the overall sensitivity is higher.
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The third study was carried out for two purposes: First, to
confirm that the observed signal loss is predominantly due to
the intravoxel dephasing resulting from the spatially incoherent
displacement of the gel rather than to the bulk displacement of
the wire itself (as the wire does not generate any MR signal);
and second, to demonstrate the high temporal resolution of the
LEI technique. In this experiment, the current intensity was set
at 500 !--LA and the current pulses were delayed with respect to the
positive lobes of the oscillating gradients by 0-15 cycles, result
ing in an overlap of 15-0 cycles between the two, respectively
(Fig. 14.1, bottom line). As such, the Lorentz force induced
displacement remained identical throughout the study, while the
amount of loss of phase coherence and resulting signal decay
due to the incoherent displacement was systematically varied. The
study was conducted on phantom A with all other parameters
identical to those used in the first study. The image acquired with
no overlap between the current and the oscillating gradients (in
which no signal change should occur) served as the reference,
and, as such, was acquired using five averages to increase the SNR.
While the above experiments demonstrate LEI effect in a wire
model, similar phenomenon is observed in ionic conductions in
our recent work (26), with LEI effect further amplified by the sur
rounding water molecules. This solution model of the LEI effect
may be better suited to simulate the neural conductions in vivo.

4. In vivo
Experiments
The concept of using synchronized oscillating gradients to
increase the signal detectability from electrical currents was
extended to in vivo experiments. To minimize potential con
founds from hemodynamic modulations or physiological noise
commonly seen in brain activation studies and ensure a precise
timing control on the stimuli, these experiments were performed
in the human median nerve by using electrical stimulation of
the wrist to induce intrinsic sensory compound nerve action
potentials.
Electrical stimulation of the median nerve was accomplished
with a high-impedance electrical current stimulator (Grass S12;
Grass-Telefactor, West Warwick, RI, USA) and two gold-plated
disk electrodes secured on the ventral and dorsal sides of the right
wrist directly over the median nerve (Note: Identical results were
obtained when both electrodes were placed on the ventral side
of the wrist directly over the median nerve). The current was
delivered through the filtered penetration panel via shielded and
twisted cables, with the shield grounded to the panel. All electri
cal switches were installed outside the magnet room, effectively
isolating the electrical stimulation in the magnet room and thus
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removing any electrical interference with the MRl signal. The
stimuli consisted of a series of biphasic rectangular current pulses
with a duration of I ms and an amplitude ranging from 1.8 to 2.7
rnA, which was set prior to each session to be just below the motor
threshold for finger movement in order to avoid motion arti
facts (electromyography measurements were performed for con
firmation). The stimulator was triggered by the MRl scanner to
ensure an accurate synchronization between the electrical stimu
lation and the pulse sequence.
The studies were performed on the same 4 T whole-body
MRl scanner as used for the phantom experiments. All images
were acquired by using a surface coil designed in-house and a gra
dient echo single-shot spiral imaging sequence with the following
parameters: Repetition time 2,000 ms, TE 35.5 ms, flip angle 80 0 ,
field-of-view 20 ern, matrix size 64 x 64, and three contiguous
axial slices (sagittal with respect to the forearm), which were each
15 mm thick and centered on the median nerve to ensure that the
section of the nerve between the wrist and the elbow would be
fully contained within one slice. A series of oscillating gradients
with an amplitude of 36 m'Iyrn and a duration of 5 ms for each
lobe was applied along both axes orthogonal to the main mag
netic field. Because the conduction time of the sensory activation
in the human median nerve between the wrist and the elbow is
about 4 ms (28), this duration of 5 ms was chosen to ensure that
sensory nerve action potentials could propagate in that section of
the nerve within one lobe. High-resolution Tj-weighted images
were also acquired at the same location for anatomical reference.
Four experiments were performed to examine the signal
changes during stimulation. To ensure sufficient loss of phase
coherence while limiting the T5 decay, a maximum of three cycles
of gradient oscillations and three synchronized electrical pulses
was used for the first experiment (Exp. 1, Fig. 14.3a). To estab
lish a graded effect, a second experiment was carried out with only
two cycles of gradient oscillations and two synchronized electri
cal pulses (Exp. 2, Fig. 14.3b). In addition, two control experi
ments were performed that were identical to Exp. 1 but with the
electrical pulses delayed by 50 ms with respect to the oscillating
gradients (Exp. 3, Fig. 14.3c) or without oscillating gradients
(Exp. 4, Fig. 14.3d).
The activation paradigm was a block design consisting of
seven alternating rest and stimulation periods, each lasting 20 sec
onds, during which ten image volumes were acquired. During the
stimulation periods, electrical pulses were triggered to excite the
median nerve, whereas during the rest periods, no stimulation
was applied. Four runs were acquired for each experiment and
averaged to increase the SNR.
After each run, subject bulk motion was assessed by com
puting the displacement of the image center-of-mass over time
slice-by-slice, and runs with an in-plane displacement exceeding
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Fig. 14.3. Pulse sequence diagrams for the in vivo experiments. Timing of the
radiofrequency excitation pulse (RF), the data acquisition window (acq) , the magnetic
field gradients on the slice selection (G z )' readout (G x ), and phase encoding (Gy ) axes,
and the current applied by the stimulator to the wrist (stim) for: (a) Three cycles of
gradient oscillations (shown in dark and light gray) and three electrical pulses triggered
at the onset of the negative gradient lobes (Exp. 1); (b) the same as (a) but with two
cyclesof gradientoscillationsand two electrical pulses (Exp. 2); (c) the same as(a) but
with the electrical pulses delayed by 50 ms (Exp. 3); (d) the same as (a) but without
oscillating gradients (Exp. 4).

one pixel were discarde d (~ 100/0 of th e runs). Voxel-by-voxel
linear de trending was app lied to remove any line ar d rift in th e
MRI sign al. A gro up studen t's t-test (o ne-tailed) was th en carried
out to detect significant differences between th e images acquired
during the rest and stimu lation periods. The z-score maps were
conve rted to Z-sco re map s an d thresholded using a Z.score of
Z > 5 (corresponding to a significance level of P < 2.5 x 10- 7
un corrected for multiple comparison s) and a cluster size of five
voxels. Finally, the resulting activatio n maps were overlaid on th e
coregis tered high- resol ution anato mical images .

5. Results
5.1. Phantom
Experiments
5.1.1. Current Intensity
Dependence for a Straight
Current

T he results of the first ph antom study are shown in Fig. 14.4. As
expec ted, the central signal dip o bserved on the image acquired
withou t curren t (F ig . 14.4a ), which is d ue to the presen ce of
the wire, becom es progressively larger and wider with increasin g
curr ent intensities , as can be seen mo re clearly on the difference
images (Fig . 14.4b) . T his sign al loss, caused by the intravoxel
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Fig. 14.4. Currentintensitydependence for a straight current. (a) Images of a selected
region of phantom A containing the wire acquired with different current intensities. (b)
Corresponding difference images with the image acquired without current. (c) Signal
intensity profiles across the wire averaged over the section shown in (a) and (b) for the
different current intensities. The lines are computed using cubic spline interpol ation. The
signal intensity in (a), (b), and (c) is expressed in percentage of the maximu m signal in
the image acquired without current.

dephasing due to the Lor entz force induced incoherent displace
ment, occurs only on o ne side of the wire, as shown o n the plot of
the average signal intensity profiles across th e wire (F ig . 14.4c).
Similar results are o btained when th e dir ection of th e curren t is
reversed, except th at th e signal loss occ urs o n th e' op posi te side.
The wideni ng can reach up to 750 u.m (full width at half max
imum) for a current intensity of 500 p.A, with a co rre sponding
maximal signal loss of25 %. However, cur rents as low as 5 u .A can
still be det ected .
Alth ou gh the signal loss was o nly obser ved on o ne side o f the
wire, since th e latter does not adhere to th e gel , it is im po rtan t
to note tha t even if th is were not th e case (e.g., for a neuron
surrounded by tissue ), a dilation of the elastic medium on the
opposite side wo uld indu ce a spatially incoherent displacement as
well, and thu s, a loss of phase co herence similar to th at induced
by the comp ression of th e elastic me di um , resulting in a signal
loss on bo th sides and making the techni que more sensitive.
5.1 .2. Current Intensity
Dependence for Randomly
Oriented Currents

The results of the second phan to m study are shown in Fig. 14.5
and dem onstrate th at the LEI tec hni q ue does not require unidi 
rectional currents. As for the straight wire in th e first study, the
sign al losses correspond to the wire locati o ns and become mor e
pronounced with increa sing current intensities, which can be
clearly seen on both the o riginal images (F ig . 14.5a) and the dif
ferenc e images (Fig . 14.5b). The over all signal loss dependence
on th e current intensity is highl y co m parable to th at o bserved
for th e straig ht current. H owe ver, because of th e dir ecti on al
dependenc e o f the LEI signal, th e seg men ts of wire that were
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Fig. 145. Current intensity dependence for randomly oriented currents. (a) Images of a selected region of phantom B
acquired with differentcurrent intensities, (b)Correspondingdifference images withthe image acquired without current.
The signal intensity is expressed in percentageof the maximum signal in the image acquired without current.

not orthogonal to the main magn etic field experienced a smaller
Lorentz force and ther efore a smaller signal loss.

.
5.1.3. Dependence onthe
Synchronization be tween
the Currentand the
Oscillating Gradients

T he results of the third phantom study are show n in Fig. 14.6 As
expected, the signal loss progressively increases with the amoun t
of overlap between the current pulses and the positive lobes o f
the oscillating gradients , which can be clearly seen on both th e
difference images (Fi g. 14.6b) and the plot of the average sign al
loss with in the en tire region (F ig . 14.6c).

a
1 cycle
3 cycle s
5 cycles
7 cycle s

c

b

liiiiiiiiiiiiiiii~

ii.ii••iii_
~!!!!!!!~
--

,...,



-

--~

:il -1

-

.2

-

m

§, -2

'iii

9 CYcles ;
11 cycles

;
_ _ _

'"~-3

;

01

'"

~

... . 6 ' 

13 cycles

-4

15 cycle s

-5

o

3
125 -25

25

5
7
9
11 13
Numbe r of cycle s ove rlap

15

Fig. 14.6. Dependence on the synchronization between the current and the oscillating grad ients. (a) Images of a
selected region of phantom A containing the wire acquired with a 500 f.lA current intensity and different amounts of
overlap between the current pulses and the positive lobes of the oscillating gradients. (b) Corresponding difference
images withthe image acquired without overlap, illustrating thesignal loss as a function of the intravoxel dephasing , but
not of the displacement itself. (c) Signal loss averaged over the region shown in (a) and (b) for the different amounts of
overlap. The signal intensity in (a), (b), and (c) is expressed in percentage of the maximum signal in the image acquired
withoutoverlap ,
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In this st udy, the curren t intensity was fixed , so that the
Lorentz force induced disp lacement rema ine d id entical for all
conditions . On the other hand, the overlap between the cu rrent
an d the oscillatin g gradient s was systematically varied , resulting
in differen t amoun ts of loss of ph ase co herence. As such, th ese
results demo nstra te th at the observed signal loss is predo minantl y
d ue to the intravoxel dephasing resulting from th e spa tially inco
herent displacement o f th e gel rather t han the bulk disp lacem ent
of the wire itself. Indeed , th e sig nal loss from the bulk displace
ment itself is virt ually und et ectable as shown in the first image in
Fig . 14.6, where o nly o ne cycle of overlap was used .
Furthermore, since the duration of one cycle of oscillating
gradients is on ly 4 ms, these resu lts also demonstrate th at a tem 
po ral resolu tion on the order of milliseco nds can be ach ieved with
th e LEI technique, which represen ts a d ramatic imp rovement 
at least two orders of magnitude - as compared to co nven tio nal
BO LD fMRl .

5.2. In vivo
Experiments

Figure 14.7 shows a rep resentative fun ctional activatio n map for
Experimen t 1, in wh ich th ree cycles of gradien t oscillations and
th ree synchronized electrical pulses were used , overla id on high
reso lution Tr -weighted images of th e forearm . Highl y significant
activation was foun d along the median nerve acro ss subjects. The
time course averaged over th e activated reg ion shows a systematic
signal decrease of (4 .4 ± 0.7)% during the stim ulatio n periods
(F ig . 14 .8 a ). T he transitio ns betw een rest and stimu lation per i
ods exhibit no delay, in contrast to what is typically o bserve d in
conventiona l BO LD fMRl stu dies , whic h are limi ted by a hemo 
dynamic delay of 3-6 seconds .

Z-score

~:::J

5

6

7

8

Fig, 14,7. Activation map showing the effect of neuroelectric activity in vivo in the
human median nerve. The activation was obtain ed using three cycles of gradient oscilla
tions and three electrical pulses synchronized withthe negative gradient lobes (Exp. 1),
and is overlaid on a stack of coregistered anatom ical images. The discs represent the
electrodes placed on the dorsal (top) and ventral (bo ttom) sides of the wrist. Thearrow
points to the mediannerve.
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Fig. 14.8. Time courses during alternating periods of rest and electrical stimulation.
These results were obtained using: (a) Three cycles of gradient oscillations and three
electrical pulses synchronized with the negative gradient lobes (Exp. 1); (b) the same
as (a) but with two cycles of gradient osci llations and two electrical pu lses (Exp. 2); (c)
the same as (a) but with the electrical pulses delayed by 50 ms (Exp. 3); (d) the same
as (a) but without osci llating gradients (Exp. 4); (e) the same as (a) but averaged over
seven different experimen tal sess ions. The time courses in(a- d)were averaged over the
activated region obtained in Experiment 1; the time course in (e) was averaged over the
activated regions of all seven sessions . The error bars repre sent the standard deviation
over the seven sessions. Each time course is normalized to the mean signa l intensity
during rest. The rest andstimulation periods areshown in white and gray, respectively.

Less sig nificant acti vation was detected in Exp eriment 2, in
whic h o nly two cycles of gradi ent oscillation s and two synch ro 
nized electrical pulses were used. The time co urse averaged over
the same activated region as in Experim ent 1 shows a signal
decrease of only (1 . 5 ± 0.6 )% during th e sti m ulation periods
(Fig. 14. 8 b). This findin g illustrates that th e sens itiv ity o f o ur
tec hn iq u e can be sig nifican tly decreased when the re is ins uffi
cien t loss o f ph ase co here nce, whic h is co nsiste nt with its co ntras t
mec ha nis m .
As expected , no activatio n was detect ed in eit her co ntrol
experi m en t, in w h ich the elec tr ical pulses were de layed with
resp ect to the osc illating gra dien ts (Exp . 3 ) o r in which n o
osci llatin g gradien ts were used (Exp . 4). The tim e courses aver
ag ed over the sam e activated region as in Exper im e nt 1 sho w
no systematic signal changes during the st imulat io n per iods
(F igs. 14.8c and d) . These res u lts further valid ate th e contrast
mecha nism of o ur technique by demonstrating that the obse rve d
ac tiva tio n is indeed due to the loss of phase coherence ge nera ted
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by the oscillating gradients rather than the bulk displacement of
the nerve itself, since this displacement is present in both control
experiments, but is not synchronized with oscillating gradients. It
should thus be emphasized that the magnitude of the displace
ment does not by itself determine the sensitivity of the tech
nique, since, for a given displacement, the loss ofphase coherence
can be independently amplified by using more, stronger, and/or
longer oscillating gradients, given sufficient SNR. Furthermore,
the fact that the loss of phase coherence can be amplified by the
oscillating gradients demonstrates that it is indeed caused by the
spatially incoherent displacement rather than the magnetic field
induced by the current. Finally, Experiments 3 and 4 also show
that there are no artifacts due to eddy currents induced in the
stimulation circuit by the oscillating gradients or electrical inter
ference from the stimulation.pulses, respectively, since no activa
tion was detected when oscillating gradients or electrical pulses
were applied alone.
It can therefore be derived that Experiment 2 is equivalent to
Experiment 1 but with a one-cycle (i.e., 10 ms) temporal offset
between the electrical stimulation and the oscillating gradients,
since only electrical pulses that are synchronized with oscillating
gradients contribute to the observed activation. As such, the sig
nificant difference between the results of Experiments 1 and 2
shows that our technique is sensitive to timing differences of the
stimulation paradigm on the order of milliseconds, thus demon
strating its high temporal resolution.
Finally, to evaluate the test-retest reliability of our technique
for directly imaging neuroelectric activity in vivo in a healthy
median nerve, Experiment 1 was carried out in seven separate
sessions on the same subject under identical experimental con
ditions to remove the dependence on subject and experimental
variability. Highly significant activation was consistently detected
along the median nerve in each session. The time course in the
activated regions averaged over the seven sessions (Fig. 14.8e)
highly resembles that obtained in a single session (Fig. 14.8a)
and shows a systematic signal decrease of (6.3 ± 2. 2)% during
the stimulation periods, confirming the consistency and robust
ness of our technique.

6. Discussion
and Conclusions
The results presented here demonstrate the capability of the
LEI technique for imaging spatially incoherent yet temporally
synchronized electrical currents on the order of microamperes
with a temporal resolution on the order of milliseconds. Accord
ingly, they provide a theoretical and experimental foundation

r
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for its potential application in imaging neural activities m
the human brain.
Our studies have shown that the sensitivity of the LEI
technique can be substantially improved by applying succes
sive cycles of oscillating gradients and using optimized parame
ters. Moreover, this sensitivity can be further increased by using
a higher field strength (since not only the SNR but also the
magnitude of the Lorentz effect increases with field strength)
and/or stronger oscillating gradients, as such advances in hard
ware become increasingly more available on modern MRI scan
ners. This is a clear advantage relative to methods that rely on the
intrinsic magnetic field changes induced by the current, which are
independent of the main magnetic field strength.
As shown here in the human median nerve, the LEI tech
nique can potentially be applied to white matter tracts in the cen
tral nervous system to study the functional connectivity between
various brain areas and to assess white matter integrity in diseases
such as multiple sclerosis. Further, since our technique does not
require the electrical current to be unidirectional, it can poten
tially be extended to image focal dendritic neuroelectric activ
ity in gray matter, which, if successful, could have a tremendous
impact on our ability to noninvasively study neuronal informa
tion processing in the brain. However, unlike for applications in
the peripheral nervous system, the temporal delays between the
stimuli and the neural activation in various cortical areas are often
not known, making it difficult to synchronize the pulse sequence
with the neuroelectric activity. Nevertheless, scalp ERP recordings
could be used to help determine the proper delays, which could
then be incorporated into the pulse sequence to allow time-locked
detection of neural activation.
Despite the promising results presented here, direct nonin
vasive neuroimaging in the human brain using the LEI tech
nique remains experimentally challenging. First, synchronized
confounding factors, such as functional signals reflecting BOLD,
CBV, and CBF changes, as well as physiological noise, can domi
nate the detected signal. Therefore, a careful design of the exper
imental paradigm is required to separate these slow effects from
the rapid effects due to neuroelectric activity. In addition, as men
tioned above, the criticality ofthe close timing synchrony between
the neuroelectric activity and the oscillating gradients will require
considerable further development for this technique to work
successfully in gray matter. Moreover, even if all the timing
information is known (e.g., using ERP or other neuroelectrical
data), the need for extremely accurate synchronization between
the stimulation and image acquisition will be highly demand
ing on present hardware capabilities. Nevertheless, such efforts
to overcome these challenges and implement our technique

314

Song et al.

for direct imaging of brain neuroelectric activity in vivo are
currently underway.
With these challenges addressed, the potential of using LEI
to directly and noninvasively image neural activations in real time
can be realized to achieve both a high temporal resolution and
spatial specificity as compared to conventional BOLD fMRI, and
to help determine hierarchical organizations within activated neu
ral networks. It is anticipated that, if even moderately successful,
this technique could have a significant impact on neuroscience
research.
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