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Electric current-induced phase alternations have been imaged
y fast magnetic resonance image (MRI) technology. We mea-
ured the magnetic resonance phase images induced by pulsed
urrent stimulation from a phantom and detected its sensitivity.
he pulsed current-induced phase image demonstrated the feasi-
ility to detect phase changes of the proton magnetic resonance
ignal that could mimic neuronal firing. At the present experimen-
al setting, a magnetic field strength change of 1.7 6 0.3 nT can be
etected. We also calculated the averaged value of the magnetic
ux density BT parallel to B0 produced by electric current I inside
he voxel as a function of the wire position. The results of the
alculation were consistent with our observation that for the same
xperimental setting the current-induced phase change could vary
ith location of the wire inside the voxel. We discuss our findings

n terms of possible direct MRI detection of neuronal activity.
1999 Academic Press

Key Words: electric current; magnetic field; MRI; phase imag-
ng; neuronal activity.

INTRODUCTION

Electric currents are used in numerous biomedical app
ions such as electrical impedance tomography, cardiac
rillation, electrocautery, and physiotherapy (1). In particular
agnetic resonance current-density imaging has been ut

o create images of electric current density in homogenou
eterogeneous media (2, 3). Recently, human brain mappi

echnology has been advanced based on integrated anal
natomical and functional measurement (4, 5). Magnetoen
ephalography and electroencephalography provide exc
emporal resolution of neuronal population dynamics as we
apabilities for source localization (6, 7). The recent develop
ent of functional magnetic resonance imaging (fMRI) te
iques provides a unique method to map human brain fun
ased on changes of blood flow and/or blood oxygenation
ependent (BOLD) contrast. In addition to high spatial re

ution, fMRI permits detection of local changes in cereb
lood volume, flow, and oxygenation. These hemodyna
hanges are attributed to neuronal activity (8–10). However

1 To whom correspondence should be addressed at Biophysics Re
nstitute, Medical College of Wisconsin, 8701 Watertown Plank Road,
aukee, WI 53226. Fax: (414) 456-6512. E-mail: sjli@mcw.edu.
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his is an indirect measurement of neuronal activity and h
o 5 s latency following neuronal stimulation onset. An id
pproach is to directly detect neuronal electric firing.
irect physical indication of local neuronal activity is the fl
f ionic current across the neuron cell membrane, along

rch
- FIG. 1. (A) The axial image of the phantom. (B) A single coronal s
cross the phantom used for fast imaging.
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266 COMMUNICATIONS
nterior of the axon, and in the surrounding medium. This io
urrent will produce another magnetic flux density (Bc), that,
uperimposed withB0 field, will alter the phase of surroundin
ater protons. We hypothesize that electric current-ind
hase alternations could be imaged by fast magnetic reso

maging (MRI) technology. To demonstrate the feasibility
ur hypothesis, we present the magnetic resonance pha
ges from a phantom induced by pulsed current stimulation
etect its sensitivity.

FIG. 2. The correlation map (A) and the time series (B) of the ph
c

d
nce
f
im-
nd

MATERIALS AND METHODS

A phase image phantom was constructed with an electri
nsulated thin copper wire (60mm diameter) formed into
-inch long and 2-inch wide rectangle that was supported
lastic frame. The “anatomical” axial image of the phantom
hown in Fig. 1A. The plastic frame was immersed int
00-ml water solution containing 0.75% NaCl, 5 mM CuS4.
he orientation of the wire was perpendicular to the m

changes (together with the boxcar waveform) induced by a 70-mA current.
ase
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267COMMUNICATIONS
agnetic fieldB0. A 10-k resistor was connected in series
ulse generator (DG535, Stanford Research System,
unnyvale, CA) was employed to provide a 0-, 10-, 20-,
0-, 70-, or 100-mA current with 2 s on and 2 s offcycle

hrough the wire.
The experiment was performed on a Bruker Medspec s

er (3T/60 cm) with a homemade balanced torque three
ocal head gradient coil and endcapped bandpass birdca
ead coil (11, 12). For fast imaging we used a single coro

FIG. 3. The correlation map (A) and the time series (B) of the ph
c,
-,

n-
is
RF
l

lice across the phantom (Fig. 1B). Two wires were per
icular to the main fieldB0 and the currentI passed through th
arallel wires in the opposite direction. Localization of
easured slice was achieved with the fast gradient echo

equence (TR/TE 200/10 ms, FOV 12 cm, matrix size 253
56). A gradient-recalled echo-planar imaging (EPI) sequ
as used for fast imaging. The image parameters were T
s or 100 ms TE 27.2 ms, bandwidth665.5 kHz, FOV 12 cm

mage matrix 643 64, slice thickness 7 mm. The rawk-space

changes (together with the boxcar waveform) induced by a 10-mA current.
ase
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268 COMMUNICATIONS
ata sets were processed using self-correcting EPI recon
ion algorithm (13) and produced amplitude and phase ima
he resulting dataset consisted of N phase or amplitude im
cquired from the same coronal slice of the phantom at eq
paced time intervals. An “ideal” boxcar function with 2 s on
nd 2 s off cycle was used for cross-correlation (14). The
mount of phase change (Df) was obtained from phase imag
nd its magnetic flux density change (DB) was calculate
ased on the echo time used and amount of phase ch
B 5 Df/(gTE).

RESULTS

We found that a time course of phase images has b
ensitivity than a time course of amplitude images to de
urrent-induced magnetic field changes. In general the a
o observe a phase change in a magnetic resonance
epends on the signal-to-noise ratio (SNR) of the image3).
he phase noise standard deviation is approximately equ
/SNR. In our experiments, however, only contrast-to-noi
f interest because we are mainly focused on the cur

nduced relative phase changes. The standard deviati
hase noise in our time series was equal to 0.016 rad w
orresponds toDB 5 2.2 nT. Figures 2 and 3 show t
urrent-induced (70 and 10mA, respectively) phase images (
nd time series of induced phase changes (B). Becaus

FIG. 4. The correlation image of the
 phase changes induced by a 70-mA current.
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FIG. 5. The current-induced maximal positive phase change as a fun
f time obtained in four independent experiments with the same acqu
arameters TR/TE 54/27 ms, FOV5 12 cm, resolution 643 64, I 5 100mA.
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269COMMUNICATIONS
agnetic flux density induced by the electric currents (Bc) used
n this study is much smaller than the external magnetic
ensity (B0), the most pronounced phase changes shou
xpected only in the direction parallel (DB 5 B0 1 Bc) or
ntiparallel (DB 5 B0 2 Bc) to B0. Indeed the induce
ositive and negative phase changes occurred mainly in th
r right direction relative to the wire position correspondin
arallel and antiparallel components of the induced fieldBc)

o B0. To check that the current-induced phase changes
ot EPI artifacts related to phase-encoding directions
wapped the phase and the readout gradients. The ob
hase changes were in the same positions (still paralle
ntiparallel toB0) but phase-encoded artifacts were rotate
0°. It is interesting to note that the “on/off” and “off/o
urrent-induced phase changes are instantaneous, in con
he delayed BOLD signal-induced changes (10). The correla
ion image (Fig. 4) shows two pairs of black (decreased fi

FIG. 6. The averagedBT value of theZ component ofBc, parallel toB0,
roduced by electric currents of 100mA (A) and 50mA (B) calculated as

unction of wire position inside the single square pixel (pixel size 2 mm).
ire radius was 30mm.
x
be

eft

re
e
ved
nd
y

t to

)

nd white (increased field) regions located at each left/
ide of the wires. Because the currents in the two wires flo
pposite directions, the white regions are inside and the b
egions are outside the wires. Figure 3 demonstrates the
itivity of a phase image, for current as low as 10mA the same
eatures were observed. We have calculated the ind
hange of magnetic field to be 1.76 0.3 nT.
During several independent experiments we observed

or the same experimental setting (slice position and thickn
esolution, TR/TE, and current amplitude) the maximal
uced phase change varied (Fig. 5). However, the wire

ions within a single voxel in each experiment were not
ame due to slightly different phantom position inside
radient coil. Ideally, if the wire is located in the center of
oxel, the observed phase change from this voxel shou

e

FIG. 7. The averagedBT value of theZ component ofBc, parallel toB0,
roduced by electric currents of 100mA (A) and 50mA (B) calculated as

unction of wire position inside the single square pixel (pixel size 4 mm).
ire radius was 30mm.
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ero due to inherent cancellation of the parallel and antipa
to B0) field components. The opposite phase change ca
bserved in the adjacent left/right voxels; however, the am

ude of change decreases with the distance from the
herefore we calculated the average valueBT, of Z componen
f Bc parallel toB0 produced by the electric current inside
oxel as a function of the wire position. We have assu
hat the net phase change in a voxel can be evaluated
f/TE > (gBT). For simplicity we assumed that our wire

nfinitely long. The magnetic flux density componentsBcX and
cZ produced in theZX plane by the wire oriented parallel

he Y axis are

BcX 5 2
m0

4p
2I

z

x2 1 z2 BcZ 5
m0

4p
2I

x

x2 1 z2 , [1]

herex2 1 z2 is the distance from the wire andI is the curren
ntensity. So the average magnetic flux density parallel tB0

roduced by electric current inside the voxel is

BT 5
1

LXLYLZ
E

V

BcZ~ x, z!dV 5
1

LXLZ
E

S

BcZ~ x, z!dS, [2]

hereV 5 LXLYLZ is the voxel volume andS 5 LXLZ is the
ixel area.

FIG. 8. The simulated phase changes with gaussian noise as a func
ime corresponding to different wire positions inside the voxel.
el
be
li-
e.

d
m

The results of numerical calculation of Eq. [2] for tw
quare pixel (LX 5 LZ) sizes, 2 and 4 mm, and two differe
urrents, 100 and 50mA, and wire diameter 60mm are shown
n Figs. 6A and 6B and 7A and 7B, respectively. As expec
hen the wire is located in the vicinity of the voxel center
urrent-induced magnetic field is close to zero and the cur
nduced phase changes are minimal. When the wire posit

oved towards the pixelX edges, theBT value increases an
eaches a maximum forz 5 LZ/ 2 andx 5 a0 or x 5 (LX 2

0), wherea0 is the wire radius. Figure 8 shows the simula
hase changes as a function of time corresponding to diff
ire positions inside the voxel. The results of the calcula
re consistent with our observation (Fig. 5) that for the s
xperimental setting the current-induced phase change
ary with location of the wire inside the voxel.

DISCUSSION

The current-induced phase images demonstrated the
ility of detecting phase changes of the proton magnetic
ance signal that could mimic neuronal firing. Changes o
agnetic field strength 1.76 0.3 nT were detectable. Roth a
iskwo have calculated the magnetic field due to an ac

otential propagating down a crayfish axon embedded i
nfinite homogenous conducting medium (15, 16). The maxi-

al field strength of about 1 nT was calculated for the dist
f 0.12 mm from the axon. This value corresponds to i
urrent flow along the interior of the axon of the order
icroamperes. However, the ionic current in a single neur
f the order of picoamperes and results in a magnetic
trength of the order of 10215 T (16). For comparison, the fie
trength from lung particles is'1029 T, from magnetocardio
ram is'10210 T, from the brain 10212 T for spontaneous (a
ave) activity, and 10213 T for evoked response (17, 18). These
agnetic field changes are far beyond MRI detection cap

ties. The magnetic field strength produced by a single ne
s obviously too small to be measured by MRI; however, if,
xample, 106 parallel-oriented neurons act together then
esulting magnetic field could be detectable. We believe
uture work will result in the directin vivo detection of electri
euronal activity.

CONCLUSION

The current-induced phase images demonstrated the
ility of detecting phase changes of the proton magnetic
ance signal that could mimic neuronal firing. The magn
eld changes of 1.76 0.3 nT were detectable due to elec
urrent as small as 10mA. The phase changes induced by
ulse electric current depend on the wire position inside
oxel. We calculated the average value of theZ component o
c parallel toB0 produced by electric currentI inside the voxe

BT) as a function of the wire position. The results of
alculation explain our finding that for the same experime

of
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etting the current-induced phase change could vary wit
ation of the wire inside the voxel.
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