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Abstract

Electric Current Density Imaging (CDI) is a new modality of magnetic resonance imaging that enables electric current distributic
imaging in conductive samples containing water. So far, two CDI techniques have been in use: DC-CDI operating at zero frequency :
RF-CDI operating at the RF Larmor frequency. In this paper we present a new CDI technique, which extends the CDI frequency range
alternating electric currents (AC-CDI). First, a theoretical model for the electric current response to the alternating voltage is present
Later, this model is used for the frequency analysis of the AC-CDI sequence. Additionally, the effect of off-resonance spins and imperft
refocusing RF pulses on the stability of the AC-CDI sequence and the echo formation is studied. The new theory is verified by experime
on a model system and compared to the other two methods: DC-CDI and RF-CDI. Finally, an application of the AC-CDI sequence
biological systems is demonstrated by an experiment on a wood twig in which an increase of approximately 30% was obtained at AC
compared to DC electric current. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction current density imaging at two different frequency ranges:
at zero frequency using a direct current density imaging

Electric current density imaging (CDI) is a magnetic technique, DC-CDI [2-6], and at the Larmor frequency
resonance imaging technique designed to image electricusing an RF electric current density technique RF-CDI
current density in conductive samples containing water. The [7,8]. The sensitivity of all CDI techniques is proportional
principle of CDI is based on mapping magnetic field to:the inverse impedance of the sample, the applied voltage,
changes caused by electric currents flowing through thethe total duration of all electric pulses, and the signal to
sample. Once maps of the magnetic field changes are ob-oise ratio (SNR) of the conventional MR image [5,6]. Both
tained, the electric current density can be calculated from techniques, DC-CDI and RF-CDI, produce good results on
field change maps using Ampere’s law. Early CDI attempts test samples where sample impedance can be set. However,
used chemical shift imaging techniques to image constantin biologic systems electrical characteristics cannot be
direct electric currents [1]. Because of the linear relation changed. The impedance is relatively high at low frequen-
between the magnetic field and frequency, magnetic field cies and is considerably lower at higher frequencies. Con-
change maps can be easily calculated from the chemicalsequently, RF-CDI in biologic systems is much more sen-
shift images. Later, phase sensitive CDI techniques weresitive and produces better results than DC-CDI. One way to
developed [2-4] which are based on application of the increase DC-CDI sensitivity is to increase the applied volt-
electric current in pulses to produce temporal shifts of a age. The main problem associated with application of high
precession frequency and consequently also phase shiftsvoltage for in vivo experiments in biologic systems is mus-
These shifts can be added cumulatively by an appropriatecle stimulation. However, successful in vivo DC-CDI ex-
arrangement of electric and RF pulses in the CDI sequenceperiments have already been reported [9,10]. The imped-
and later detected by a phase sensitive MRI. ance in systems, such as electrolytes, is independent of

Existing phase sensitive CDI techniques enable electric frequency. Unlike biologic systems, no increase in the sen-

sitivity of CDI as a result of moving to higher frequencies is
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in ionic organization. In electrolytes ions can move freely, current produces changes in static magnetic field which can
whereas in biologic systems, besides extracellular ionsbe detected by a phase sensitive MRI and later processed in
(which behave like ions in electrolytes) there are also intra- the same way as other phase sensitive CDI techniques.
cellular ions that are restricted in their motion by cell walls.

lons in electrolytes as well as extracellular ions possess

.pure'ly reglstlve characterl'stlcs. The decrgase; of |mpedancez_ Materials and methods

in biologic systems at higher frequencies is due to the

capacitive properties of cell membranes [11]. Besides the

electric current of extracellular ions, an electric polarization 2.1. Current response to alternating rectangular voltage
current of intracellular ions also flows within cells whenever pulses

the voltage changes.

Many applications may be found where maps of the = We must first examine the current response to an electric
specific impedances obtained at various frequencies by dif-voltage step for three typical situations: (a) freely mobile
ferent CDI techniques can provide better understanding of ions in the electrolyte solution (extracellular ions); (b) the
fundamental physical or biologic processes. CDI applica- electric polarization current of cell membranes (intracellular
tions are mainly in biologic systems; i.e., DC-CDI help in ions) and (c) the combination of both mechanisms as a
designing and positioning new types of electrodes used inmodel for a biologic system. We assume that the voltage
tumor electrochemo-therapy [10,12]. The same techniquechanges at time¢ = O from a voltage (,-AU) to U, A
also can be applied to analysis of ion concentrations in the relationship for mobile ions in electrolytic solutions that can
sample and its dynamics; i.e., DC-CDI monitoring of chem- be schematically represented by a resifgr(Fig. 1a)is
ical reactions where ions are released or dissolved [13]. Thegiven by
potassium ion concentration is very important for the con-
dition of wood and a decrease of the concentration may be 1(t) = ﬁ_ (1)
an indication of a wood disease [14]. Similar applications of R
DC-CDI can be found also in medicine. The calcium level e gjtyation is more complex if ions in the sample
in the bones of patients with osteoporosis is S|gn|f|cant!y cannot move freely, i.e., they are blocked by cell mem-
lower than that of healthy volunteers. Therefore, electric \yranes and cannot therefore contribute to the DC electric
cgrrent density images obtained by' DC-CDI cOU|d'h9|p 1O current. However, upon application of an external electric
diagnose osteoporosis [15]. The spinal cord contains thou-fie|q (a voltage pulse), electric dipole moments are induced
sands of nerve fibers (axons) that conduct electrochemicali, el membranes, resulting in electric polarization. The
impulses between the brain and the rest of the body. AS cg|| therefore behaves as a small capadidn series with

such, the DC-CDI technique may be indicative of the cur- 4 yegistorR_ (Fig. 1b), where the function of the resister
rent carrying capability of the spinal cord and thus provide g (g regulate the rate of cell charging and discharging. The
a true measure of function and viability of the tissue [16]. In corresponding solution far= 0 is then

an in vivo DC-CDI experiment currents passing from a
rabbit’s head to its rear leg were monitored [9]. Not only has
DC-CDI been used for applications, but also the first appli-
cations of RF-CDI are emerging. An example of this is a _ _ . .
study of evoked depolarization in the brain that is present at !N Piologic systems both ion transport mechanisms men-

status epilepticus. In status epilepticus the specific imped-tionéd above are acting in parallel [11]. Schematically, a
ance in some regions of the brain are about 10% below biologic sample can be represented by an electric circuit

normal and can be detected by RF-CDI [17]. consisting of a_resisthC and a capa_citoC in_se_ries (cell

In this paper we present a new technique for CDI that Meémbranes) with a shulRt, representing mobile ions in the
enables imaging of alternating electric currents in the kHz extracellular fluid (Fig. 1c). In this case an electric current
frequency range (AC-CDI). AC-CDI operates between two "€SPONse to the voltage step foe 0 is given by
frequency extremes: zero frequency (DC-CDI) and radio U, AU
frequencies (RF-CDI). It has the advantage of increased I(t) = TR exp(—t/(R.C)). )
sensitivity common to the RF-CDI method and can be m ¢
performed on the same hardware platform as the DC-CDI  Equations (2—4) allow simple calculation of the current
method. Similarly to DC-CDI, AC-CDI has also pulses of response associated with an alternating electric voltage in
electric voltage synchronized with the standard spin-echo rectangular pulses of a duratia (with a period At) and
imaging sequence. Two rectangular electric pulses, whichan amplitudeU,. Simulations of the electric current-re
are used for the DC-CDI technique, are in the case of the sponse to the voltage pulse for these three electric schemes
AC-CDI technique replaced by a train of many shorter are presented in Fig. 1. Parameters for the simulations are:
rectangular electric pulses with alternating polarity that R, = R, = 130Q, C= 2.2uF, At =2 ms, and, = Uy/R,
have the same effect as alternating current. The AC electric= Uy/R.. The same results can also be obtained by Fourier

AU
() = 5~ exp(-U(RO)). )

C
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Fig. 1. Electric current response to alternating rectangular voltage pulses for three different electric circuits: (a) a resistor represgmtaxgracetiular
ions, (b) a resistor and a capacitor connected in series representing cell membranes and (c) combination of both as a model for a living system.

decomposition [18] in which the voltage is decomposed to membranes (b), anf(w) = (R,, * + (R, + 1/(iwC)) H~*

its frequency components(w) by Fourier transform fol- for the biologic system (c).

lowed by calculation of the electric currents using the rela-

tion I(w) = U(w)/Z(w), and concluded with a summation of 2.2. AC current density imaging sequence

electric current components at all frequencies (the inverse

Fourier transformation). Equation (4) encompasses all of 10 understand the AC (alternating current) Current Den-

these steps sity Imaging method (AC-CDI) we must first examine the
direct current DC-CDI imaging method [2—4]. DC-CDI is
1 1 based on a conventional spin-echo MRI sequence on which
I(t) = %j Z(w) [JU(t") expliot’) dt’] two rectangular electric pulses are superimposed (Fig. 2a).
The first pulse with duratiost = t/2 is executed between

the excitations/2 pulse and the refocusing pulse, while
the second current pulse is symmetric to the first one with
Here, voltage, current and impedance are complex func-the same duration but the opposite polarity. Electric current
tions. In our case impedances a#w) = R, for freely with densityj that flows through the sample during the pulse
mobile ions (a)Z(w) = R, + 1/(iwC) for a system of cell alters the static magnetic ﬁelﬁO in the sample by an

exp(—iwt) dw. 4)
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Fig. 2. Direct current density imaging sequence (DC-CDI) (a) and alternating current density imaging sequence (AC-CDI) (b). Both sequencksrare base
a standard spin-echo imaging sequence with a modified refocusing part: The DC-CDI sequence has two electric pulses of opposite polarity gahtered ar
the 7 pulse, whereas AC-CDI has a block &I 1) = pulses of alternating phase, which are inserted betWealternating electric pulses. A spin-echo is
formed after the AC-CDI sequence only whiris even.

additional fieldB.. The componenB, = B. , along the The electric current in the DC-CDI technique is not
direction of the static magnetic field, causes a shift in the exactly direct. The two electric pulses of opposite polarity
Larmor frequencyw, = yB. which results in an accurau  used for DC-CDI may be considered to be a period of
lated phase shift op/2 = yB.At. This shift is reversed to  alternating electric voltage. A better approximation of the
-2 after therr pulse and is later added to the phase shift alternating voltage and consequently the alternating electric
produced by the second electric pulse, which due to the current through the sample may be obtained by adding
opposite polarity is also equal tapd/2. The cumulative many pairs of the pulses together to form a train of alter-
phase shift of the DC-CDI technique is therefore equal to a nating rectangular electric pulses. Using the same principle
sum of both individual phase shiftgd42 -¢J2 = -¢.. as before for DC-CDI, i.e., insertion of refocusing RF pulses
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between each pair of electric pulses of the opposite polarity, the AC-CDI sequence, the phase shift produced by this
enables constructive summation of individual phase shifts. current cancels with the phase shift of the first pulse.
The AC-CDI imaging sequence as shown in Fig. 2b can be  The procedure to calculate a current density image is the
therefore considered an extension to the DC-CDI sequence same as in DC-CDI [2—4]. For example, to obtain an image
where the current/RF block is repeated several times, so thaof a current density componejjtin the xy plane two maps
the train of alternating rectangular electric pulses is inserted of magnetic field changes in they plane are required:
between refocusing RF pulses. An AC-CDI pulse sequence <B;,> and <B;,>. Each of them is calculated using
with N electric pulses habl-1 refocusing RF pulses. Each relation<B.> = ¢J(y to) [Eq. (5)] from a corresponding
electric pulse except the last one is followed by the refo- phase shift mag_ of the sample in one of two orientations
cusing RF pulse. DC-CDI is then a special case of AC-CDI that are 90° apart around the direction of the electric current
whereN = 2. component in questionz(axis). It should be noted that

A typical DC-CDI experiment utilizes an electric current indexesx, y andz denote the axes of the coordinate system
supply as a generator for the electric pulses. However, for attached to the sample and not to the laboratory reference
AC-CDI a current supply is not a good choice, since the system in which the direction is reserved for the direction
electric current through the sample would always be the of the static magnetic fiel8,. Therefore, a<B,,> map is
same no matter what its electrical characteristics, i.e., for all measured for a sample orientation with thaxis aligned to
electric schemes in Fig. 1 the same electric current responseB, and similarly a<B;,> map is measured for a sample
would be obtained. A more suitable approach is to use an orientation with they axis aligned td3,. Finally, the average
electric voltage supply which applies a constant voltage to electric current density within the electric pulse (effective
the sample during the pulse. In this case, the electric currentcurrent) <j,> is calculated using Ampere’s lawj>=
through the sample is dependent on the sample impedancel/u, V X <B_>. In this case, its 2D equivalent can be used
and similar electric current responses to those simulated in
Fig. 1 may be expected. ()(xy) = 1 (3<Bc,y>(X,Y) B a<Bc,x>(Xry)) ®

If we suppose that the absolute value of a cumulative phase ' Ko aX ay
shift after the AC-CDI sequence is equal¢g); then the phase
shift after the first electric pulse is equal [ig,/N; after the 2.3. Refocusing properties of AC current density imaging
second,—2|¢J/N; after the third 8p/N; ... and after the last  sequence
(N-th) electric pulse, € 1)V |¢ . Therefore, the phase shift after

the AC-CDI imaging sequence is given by the equation The main difference between multi-echo sequences [19—
21] and the AC-CDI sequence is in the timing between RF
Ne1 N pulses. The time between successtv@ulses is not twice
¢c= (=17 "N YB(t) dt the time between the excitatiom’2 pulse and the firstr
0 pulse as in multi-echo sequences but usually much shorter.
— (_1\N—1 Because of that difference, spin-echoes are not formed be-
(=)™ ¥(Bo te, (5)

tween pulses: the only spin-echo is formed at the end of
where At = t; /N is a duration of one electric pulse. The the sequence when the numbermpulses in the AC-CDI
electric current in the AC-CDI experiment is not constant sequence is odd\(is even). Besides the main spin-echo,
within the electric pulse causing the phase shift after the many stimulated echoes and “eight-ball” echoes [19] are
pulse|¢ /N to be proportional to the average magnetic field also excited when tip angles of RF pulses in the AC-CDI
change<B_> of the pulse multiplied by its duratioat = sequence are imperfect. However, their amplitude is signif-
t. /N. In Eq. (5), it is also assumed that all electric current icantly lower than the amplitude of the main echo (provided
pulses produce the same phase shift but this is not exactlythat tip angle deviations are not too large) and therefore may
true. Namely, at the first pulse, the voltage rises from 0 to be neglected in further analysis.
U, and then drops fror, to O after the last pulse. At all the The effect of tip angle deviations, off-resonance spins,
other pulses, the voltage rises or drops lj,.2This effect and electric current on the spin-echo formation and the accu-
does not influence the electric current of freely mobile ions, racy of the electric current phase shift registration can be
which is the same at all electric pulses. However, it influ- analyzed by a mathematical model. In this model each event in
ences the electric polarization current which flows anytime the AC-CDI sequence is represented by a corresponding rota-
the voltage changes and is proportional to this change (Figs.tional matrix. The final magnetization vector can be then cal-
1b,c). The electric polarization current that occurs at the first culated as a product of these matrices multiplied by the initial
pulse is half of that of other pulses, which follows also from magnetization vector. The proposed AC-CDI sequence is
Egs. (3, 4). Namely, the voltage change at the first pulse is based on the Carr-Purcell multi-echo sequence [20] using a
equal toAU = U, and equalsAU = £ 2U, at all other phase alternation of successive pulses. An alternative
pulses. Also, the electric polarization current flows with half would be to use the same phase arrangement as in the
the magnitude after the last electric pulse. Since there is noMeiboom-Gill multi-echo sequence [21]. The AC-CDI se-
refocusing RF pulse at the end of the last electric pulse in quence can be schematically represented by
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Fig. 3. Simulations of the spin-echo stability (a) and errors in the registration of the magnetic field change of applied electric pulses (b, and)afBe s
gray-scale image (a) depicts magnetization compohgnat the echo point of the AC-CDI sequendé € 40, At = 500 us, TE = 32 ms,<B; > = 0)

as a function of the off-resonance frequeriay and the refocusing pulse tip anglé. Zhe solid line corresponds to the perfect spin-echo conditiong at 2

, when all magnetization components at different off-resonance frequencies are perfectly refocused. Errors in the registration of the ndagjmestigefiel

(b, c, d) are represented by the absolute differépeg,| between the measured phase shiftom the image and the cumulative phase shift of electric pulses
¢, as a function of the effective current magnetic field chaxgz ,> and the refocusing pulse tip anglé. Zhe errors are simulated (with paramethirs:

40, At = 500 us, TE = 32 ms) for: (b) the AC-CDI sequence; (c) the modified AC-CDI sequence based on the Meiboom-Gill multi-echo sequence ((b) an
(c) are both simulated for spins on-resonance); and (d) the AC-CDI sequence for spins off-resonarg@#or= 100 Hz. Dashed lines plotted in (b, c,

d) correspond to &-¢ | = m/4 phase error.

0, —to—Ug —20,—Ug —20_,— U — ... which rotates the magnetization, whereas the rotational vec-
B tor is antiparallel to the magnetic field). The arguments are
—20,— Uy —ta— AQ () angles of rotation ant¥, is the equilibrium magnetization.

where /2 and = tip angles are replaced by general tip The simulation in Fig. 3a depicts the stability of a spin-
angles,0 and @, and the excitation time, and detection ~ €cho of the AC-CDI sequence as a function of tip angle
time t, (measured to the center of the acquisition) are equal deviations. The stability is analyzed by a magnetization
tot, = t; = (TE- t)/2. We assume that in a small region of component,, at the center of the echo which is calculated
the sample the excitation tip angle is equalftathe refo-  from Eq. (8) with parametersd = 40, TE = 32 ms,At =
cusing tip angle to @ that all spins are off-resonance for 9500 us and without electric pulses<.> = 0). As ex
exactlyAw, and that each electric pulse shifts the magneti- pected, the magnetization refocusing is perfect when tip
zation vector phase by w,>At, where<w,> = y <B; >, angles of refocusing pulses are ideali 2 . For all

as defined in Eq. (5). Using these assumptions and Eq. (7),0ff-resonance spins thevl,, = - M,. As tip angle deviations
the magnetization vector in the rotating frame after the increase and the magnetization between successive refocus-
AC-CDI sequence can be represented by the following ing pulses starts to fan out with larger anglgse(At| ~ ),
sequence of rotations the echo becomes unstable. The magnetizafiprean then

in principle be anywhere betweel, andM, depending on

1 N
M = R(Awty) R((Aw + (—1)Mw))At) the tip angle 2 (Fig. 3a). The phase coherence between

R((—1)N220) ... R((Aw — (w))At) different off-resonant spins is then lost and the magnitude of
the spin-echo reduced. However, wHAmAt| << 7 and 2
R(20)RA(Aw + (w))At) R(Awt,) # , the magnetizatioM,, is still well refocused M, ~
R.(0) M (®) -M,). For off-resonance cases withwAt| > , M, is
x 0 symmetrical aroundwAt = *= 7 and also periodic with a
HereR,, R, R, denote rotational matrices with the axis of period AwAt = 2.
rotation around thex; -y and z axes respectively (indexes It is important to understand how tip angle deviations

X, ¥, andz correspond to the direction of the magnetic field influence the accuracy of a measured phase shift map and
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consequently the accuracy of a calculated electric currentmagnetic field. The magnetic field of the return wires was

density image. Namely, the cumulative phase shift of ap-
plied electric pulsesp, = <w > t. [EQ. (5)] cannot be

perpendicular to the static magnetic field and therefore did
not contribute to the cumulative phase shift of the applied

measured directly but is assumed to be equal to a measurealectric pulsesp.. The outer cylinder, 10 mm in diameter,

phasep calculated from the real and imaginary signal com-
ponents of the image. However, that is not exactly true,
since the phase depends not only on the electric current
frequency shift<w >, but also on the refocusing pulse tip
angle @ and the off-resonance frequendw [Eq. (8)]. In
general, the phase is not equal to the cumulative phase
shift of applied electric pulseg., and therefore the mea
sured electric current density images may be inaccurate.
Simulations in Figs. 3b-d depict the absolute error of the
measured phas@f¢.|) as a function of the average current
density (measured in units of the frequency offseb_>)
and the refocusing pulse tip anglé. Here, ¢ is the angle
between the transverse magnetizaﬂﬁbpy, and the-y” axis
(y’ axis in Fig. 3c) which is calculated from Eg. (8). Other
parameters for the simulation ad: = 40, TE = 32 ms,
At = 500 us. A dashed line is plotted in each simulation
identifying the|p-¢ = /4 error line. In all cases, when
refocusing pulses are ideald2 ), the phase error is equal
to zero (the dark region centered around 2 ). As
deviations from the ideal tip angle increase and spins are
well on-resonanceAwAt = 0), the error also increases,
however, not equally for the AC-CDI sequence (Fig. 3b)
and a modified AC-CDI sequence which is based on the
Meiboom-Gill multi-echo sequence [21] (Fig. 3c). The AC-
CDI sequence has low error at low electric currents and
considerably higher error at higher currents (Fig. 3b). Just
the opposite is the situation for the Meiboom-Gill AC-CDI

was used as a reference and was also filled with saline, but
had no current flowing through it. The electric current
flowed only through the inner cylinder, which had a DC
resistancd?; = 130(). A capacitor with a capacitancg =

2.2 uF was connected in series to the inner cylinder. The
sample was inserted in the magnet with its axis perpendic-
ular to the direction of the static magnetic field. Experiments
were performed on a 2.35 T Bruker Biospec scanner
(Bruker Medizintechnik GmbH, Ettlingen, Germany)
equipped with micro-imaging accessories. The AC-CDI
technique was tested on a series of micro-images of the
phantom sample acquired at different numbers of electric
pulsesN = 2 (DC-CDI), 4, 6, 8, 10, 20, 40 while keeping
the total duration of electric pulses constant 20 ms).
These results were also compared to the RF-CDI technique
[7,8] with the same duration of the RF pulse (equal_ te

20 ms) and the same voltage amplitude. Other imaging
parameters werd=OV = 15 mm, field of view,SLTH= 5

mm, slice thickness, 256 by 256, matrix dimensionR,=

1 s, repetition rate an@iE = 32 ms, echo time. The results
of the AC-CDI experiments are shown in Fig. 4 with the
images of a real signal component (left), the calculated
images of the effective electric current density (middle) and
the measured electric current response through the sample
(right). As expected from the theory [EqQ. (3)], the current
response to the train of alternating electric pulses for a

sequence where the error is quite substantial at low electricsample, which can be electrically described by a sdRi€s

currents and is practically zero at currents such that
|<w>At| ~ 7. When spins are off-resonance, the error
distribution is different. In Fig. 3d, wherAwAt = #/2,
errors are high wheh<w.>At| approaches either 0 at.
Since electric currents are usually low and the spins are
on-resonance, so thatw,>At| << 7 and AwAt ~ 0, a
better choice is to use the Carr-Purcell AC-CDI sequence
than the Meiboom-Gill modification of it.

3. Results
3.1. Experiments on a model system

Imaging of alternating electric current by the AC-CDI

technique was tested on a phantom sample, consisting of

two concentric cylinders separated by an insulating wall.
The inner cylinder, 4 mm in diameter, was filled with
conducting saline (6%) and closed with electrodes on both
sides, so that the electric current was flowing along the
cylinder axis. The electrodes were 13 mm apart and were
connected to a voltage amplifier with output voltage 12 V.
The two return wires connecting the electrodes with the
amplifier were oriented along the direction of the static

circuit (Fig. 1b), corresponds to a train of exponentially
decaying alternating signals of electric current. Each rect-
angular voltage pulse produces a signal with an effective
electric current equal to the area below the signal divided by
At (also the average electric current over a pulse). Simula-
tion of the electric current response to the rectangular alter-
nating voltage in Fig. 1b, which was calculated for the same
parameters as were used in the experim&t= 130 (),
C = 2.2uF,t. = 20 ms, andN = 10), agrees well with the
measured electric current response in FigN4=( 10, right).
The only differences are in the heights of the first and the
last signals, which are halved due to the half voltage raise of
the first pulse and the half voltage drop after the last pulse.
If we suppose that the sample is oriented so that the
cylinder axis is along the axis, thenéo is along they axis
and the imaging plane isy. For a uniform electric current
| within the inner cylinder of the sample, the magnetic field
changeB, , is given by

r
—cosfP); r=a
pol |2
2ma
- cos@); r>a

Bey(r,®) = 9)
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Fig. 4. Electric current density micro-images of a cylindrical phantom sample in axial orientation acquired at different frequencies of ésest(iP@u

150 Hz, 250 Hz, 1 kHz, and RF at 100 MHz): real signal component images (left), calculated current density images (middle) and the measured elec
current response to electric pulses of the AC-CDI sequence (right). The phantom sample consists of two cylinders filled with saline, an isagliedeuter

and a conductive inner one. The inner cylinder was also connected in series to the external capacitor. The images were acquired with fpakameters:

15 mm, field of view,SLTH= 5 mm, slice thicknessSIR = 1 s, repetition rateTE = 32 ms, echo time, antl = 20 ms, total duration of electric pulses.

The increasing brightness of the inner cylinder in the calculated current density images (middle) indicates that the effective electric masedtasche
frequency of electric pulses increased. The same may be concluded also from the measured electric current response (right) as well as fromakhe real
component images (left), where the patterns of alternating bright and dark stripes are more intense as frequency increases.

Here,r and ® are polar coordinates defined By= r r cos(b) = x = constantinside the inner cylinder (lines
cos() andy = r sin(®) anda is the radius of the inner  parallel to I§O) and by 1f cos®) = constantoutside it
cylinder. Since phase shiftg, are proportional to the mag  (circles tangential to thg axis with centers on the axis).
netic field chang@®; ,, lines of constant phase are defined by Alternating dark and bright stripes in the real signal com-
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ponent images (Fig. 4, left) correspond to regions of con-
stant phase. These regions match the constant magnetic field 0%
lines in and outside the cylindrical conductor calculated ]
above. There is always ar2phase difference between two 6000 7
successive dark or bright stripes. Therefore, a denser pattern ]
of stripes corresponds to a higher gradient of the plaase 40007
and hence also to a higher current density. ]
Two maps of magnetic field changeB, ,> and<B, ,> 2000 7
are needed for calculation of the electric current density ]
<j,> in thexy plane [Eqg. (6)]. Normally, this would imply %7 v [kHz]
sample rotation of 90° around tlzeaxis in order to acquire L B B B B A A
<B,,> and <B.,> maps, each in one orientation. How 0l 10 10 R
ever, the phantom sample had cylindrical symmetry so that Fig. 5. The effective electric current density as a function of the electric
the two phase shift maps, which are used to calculate cor-current frequency: a computer simulation (solid line) based on the theo-
responding magnetic field maps, would be the same. There-retical model [Eq. (_4)] and e)fperimental _data (circles) drawn from Fig. 4.
fore, only one phase shift mag was used to calculate both The_z effective electric current increases with the frequency of electric pulses
. until the plateau at the frequency R/C).
<B.,> and <B_ >. The map<B, > was calculated li
rectly from the phase shift map. (assuming thaB, was
oriented along the axis), whereas map.B. ,> was cal effective electric current would be constant independent of
culated from the rotated phase shift map for a 90° the frequency of electric pulses.
clockwise rotation. Finally, the effective current density A graph in Fig. 5 depicts the dependence of the effective
<j,> was calculated using the Eg. (6). Gray-scale images of electric current density<j> on the frequency i =
the effective electric current density in Fig. 4 (middle) have 1/(2At) = N/(2t.)) of the electric current which was mea
256 gray levels with the brightest level corresponding to the sured in the experiment on a model system. Experimental
current density of 7000 A/fnand the darkest to the current results are also compared with the results of the theoretical
density of —1000 A/nf. The electric current was flowing model based on the electric circuit with a resistor and a
only through the inner cylinder and no electric current was capacitor connected in series (Fig. 1b). Equation (2) to-
flowing through the outer one. gether with the relatior<j> = [5" I(t)dt/(wa®At) was used
In our experiment, the effective electric current through to calculate the theoretical effective current density (solid
the sample increased with the frequency of the voltage line in the graph). As expected, the increase of the effective
pulses, i.e., with increasinyg at fixedt.. This was due to the  electric current densityj> is linear for frequencies lower
decrease of the impedance of the sample (s&i€3 with than 1/R.C) (3.5 kHz), whereas for frequencies higher than
increasing frequency. This is evident from real signal com- 1/(R.C), the plateau aj> = Uy/(wa’R,) occurs.
ponent images (Fig. 4, left) as well as from the current
density images (Fig. 4, middle). The real signal component 3.2. AC-CDI technique on a biologic sample
images have a denser pattern of stripes, while the current
density images have an increasing signal within the inner A wood twig of the elder-treeAcer negundo [).with a
cylinder indicating a higher effective electric current density diameter 15 mm and length 13 mm was selected for a
at higherN's. As long as the current decay rate.C con demonstration of the AC-CDI technique on a biologic sam-
stant) of the circuit with equivalent electrical characteristics ple. The twig was inserted into a plastic holder which ended
to the phantom sample is shorter than the duration of the with electrodes on both ends. These were connected to the
electric pulseAt, the increase of the effective electric cur- voltage amplifier with an output voltage of 85 V. The twig
rent density is approximately proportional to the number of was then inserted into the magnet with its axis perpendicular
electric pulsesN. In our caseR.C was equal to 29Qus, to the direction of the static magnetic field. To calculate the
hence, it was always less than the electric pulse duration (atzcomponent of the effective electric current density &),
N = 40 was At = 500 us). The above condition was the twig was imaged at two perpendicular orientations 90°
therefore met for all frequencies used in the AC-CDI ex- apart around the axis: one with itsx axis in the direction
periment in Fig. 4. However, at RF currents (Fig. 4, last of the static magnetic field and the other with ytaxis in
row) the increase of the effective electric current density is this direction, so that maps of the magnetic field change
not proportional to the frequency increase, sintés much <B. > and<B;,> were acquired and used later to calcu
shorter than thd&R .C constant of the sample. The effective late <j,> using Eq. (6).
electric current density at a radio frequency of 100 MHz Two images of the effective electric current density: one
increased by approximately 50% compared to the effective with DC electric currentNl = 2, At = 10 ms) and the other
electric current density at 1 kHaN(= 40), whereas the  with AC electric current at 1 kHzN = 40, At = 500 us),
frequency increased by a factor®1@ should also be noted  were acquired in order to demonstrate the decrease of the
that for a current source, as opposed to a voltage source, thémpedance with a frequency increase. Other imaging pa-
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Fig. 6. DC and AC (at 1 kHz) current density images of a wood twig in an axial orientation: real signal component images (left), calculated cutyent dens
images (middle) and the measured electric current response to electric pulses of the AC-CDI sequence (right). The images were acquired at param
FOV = 20 mm, field of view,SLTH = 5 mm, slice thicknessTR = 600 ms, repetition ratelE = 32 ms, echo timet, = 20 ms, total duration of electric
pulses, andJ, = 85 V, the applied voltage. Background noise in current density images is removed. Note the approximately 30% increase of the effecti
electric current density imylem(dominating region surrounding pith) with the AC-CDI technique as compared to the DC-CDI technique.

rameters wereg=OV = 2 cm, field of view,SLTH= 5 mm, equaling 190 A/m but it increased to 250 A/fnin the
slice thicknessTR = 600 ms, repetition raté[E = 32 ms, AC-CDI experiment at 1 kHz. The same effect can be seen
echo time, and, = 20 ms, total duration of electric pulses. also from the real signal component images which have at
Fig. 6 shows the experimental results of the DC-CDI tech- AC electric current more black and white stripes indicating
nigue (first row) and the AC-CDI technique (second row) on a higher effective electric current density in this region. In
the wood twig. Each experiment is presented with a real pith the current density cannot be determined because of
signal component image (left), a calculated current density insufficient NMR signal. The decrease of impedance can be
image (middle) and an electric current time dependencealso estimated from the electric current response to alter-
(right). The gray-scale images of the effective electric cur- nating voltage pulses as shown in Fig. 6, right. Namely, the
rent density have 256 gray levels which correspond to maximum increase is equal to the ratio between the electric
electric current densities from<j,> = 0 A/m? (image current peak at the electric pulse beginning where both,
intensity 0) to<j,> = 350 A/n? (image intensity 255). extracellular and intracellular ions conduct, and the current
As can be seen from Fig. 6, the electric current density is at the electric pulse end, where the response is flat and only
not uniform through the cross-section of the twig for both ions in extracellular fluid conduct. This ratio was in our
CDI techniques: DC and AC. This is due to different spe- experiment 50 mA to 33 mA, which corresponds to a max-
cific impedances of different wood tissues [22]. Besides imum decrease of impedance of approximately 40%.
having different specific impedances at a certain frequency,
each tissue has different specific impedances at different3.3. Discussion and conclusions
frequencies. This can be seen also in our demonstration. The
wood twig consists of the following tissues appearing in The technique for imaging alternating electric currents
concentric rings from the outside toward the center: bark, (AC-CDI) presented here fills the gap in the frequency
cambial zone, xylem, and pith. Bark appears dark in the range between the techniques for imaging direct electric
DC-CDI as well as in the AC-CDI image due to its high currents (DC-CDI) and radio-frequency electric currents
specific impedance. Unlike bark, cambial zone and xylem (RF-CDI). Even though all three techniques use the same
have considerably lower specific impedances, so the electricprinciple to encode and calculate the electric current distri-
current densities in these two regions are relatively high. bution, they have different fields of use. For example, the
However, the effective electric current density is not the DC-CDI method can detect only the electric current asso-
same for the DC-CDI and AC-CDI techniques due to the ciated with the transport of freely mobile ions making it
decrease of the specific impedance with the increase ofconvenient for electrolytic systems where all ions are mo-
frequency. For example, in the dominating xylem region, bile. The advantage of such electrolytic systems is that
this decrease was approximately 30% with the effective sample resistance can be arbitrarily set to the desired value,
electric current density in xylem in the DC-CDI experiment so that a low resistance needed for a typical DC-CDI ex-
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periment can be easily obtained. The situation in biologic RF-CDI technique over other two CDI techniques is that it
systems is quite different. Namely, most biologic samples does not require sample rotation to obtain the two perpen-
have inherently high resistance (high impedance at zerodicular components of magnetic field change. Besides, at
frequency) which cannot be changed. Therefore, in mostradio frequencies (RF-CDI), the sample impedance is usu-
cases, the DC-CDI sequence cannot give acceptable resultally considerably lower than at 1 kHz (AC-CDI) or at zero
if used with typical parameters. In biologic systems cell frequency (DC-CDI).
membranes act like tiny capacitors which, when charged, One problem related to the AC-CDI imaging is also the
block the DC electric current of intracellular ions. As a high RF power needed for hard pulses. In the theoretical
consequence, only ions in the extracellular fluid conduct. model for the AC-CDI sequence it was assumed that the
When a biologic sample is connected to an alternating hard = pulses were infinitely short. However, in a real
voltage source, cell membranes change electrical polariza-experiment, that is not the case since infinitely short RF
tion with the frequency of the source. Whenever the polar- pulses would require infinite power from the RF amplifier.
ization is changed, the electric polarization current of intra- Since this power is always limited, hattlpulses have the
cellular ion flows in addition to the extracellular electric shortest possible duration, which is inversely proportional
current. Higher frequencies result in higher time average to the power of the RF amplifier and the RF probe size. This
values of the electric polarization current causing the con- however also limits the highest possible frequency of the
tribution of intracellular ions to the overall electric current AC-CDI sequence. For example, if the duration of the
to be more significant. In practice this means that the aver- pulse is 25us and we assume that each electric pulse should
age (absolute) electric current through a biologic sample be at least ten times longer than th@ulse, then the highest
would increase at higher frequency of the current if the AC current frequency would be approximately (P =
sample is connected to a supply of a constant voltage am-1/(500us) = 2 kHz. In many systems it is hard to have the
plitude. Therefore, the AC-CDI and especially the RF-CDI  pulse as short as 2&s, especially for clinical whole body
technigue are more convenient for biologic systems than thesystems. Due to limited RF power, the frequency range of
DC-CDI technique. In biologic samples, the impedance the AC-CDI sequence is also limited to a few kHz or even
decreases with increasing frequency. At a certain frequencyless (depending on the system).
the impedance reaches a minimum, i.e., for a frequency It is not exactly true that the frequency of the electric
higher than that, no further decrease of impedance is ob-current in the AC-CDI sequence with electric pulses of
tained. This frequency depends on the sample geometry, itsduration At is equal to 1/(At). As a result of Fourier
dielectric properties and its DC resistance. In our experi- analysis [Eq. (4)], the train of alternating rectangular elec-
ment on the wood twig, the impedance decreased about 30%dric pulses can be decomposed into many frequency com-
when the AC current was 1 kHz instead of DC. ponents of different amplitudes [18] including a dominating
An inconvenience of the DC-CDI technique as well as of component (the one with the highest amplitude) of a fre-
the AC-CDI technique is the need for sample rotation in quency 1/(At) and many other harmonics with higher fre-
order to obtain all of the information needed for the current quencies and lower amplitudes. The electric current re-
density calculation. However, this can be avoided for sam- sponse to each of these components is different since the
ples with cylindrical symmetry, since the magnetic field response depends on the sample impedance which changes
change map in the rotated sample orientation is identical to with frequency. Another problem associated with the appli-
the original. Another problem, relates to the AC-CDI appli- cation of the AC-CDI to biologic systems is RF power
cation to biologic systems where the impedance at AC absorption in the tissue. Limits posed by the specific ab-
frequencies around 1 kHz is only 10-30% lower than the sorption rate (SAR) regulations may restrict the use of the
DC impedance. Unfortunately, this decrease is still not AC-CDI sequence and especially its application to humans.
enough to enable the use of a relatively low voltage (which The same problem is even more pronounced in the RF-CDI
is common for DC-CDI experiments in electrolytes) in technique where the long RF pulse is needed to encode the
AC-CDI experiments. A tenfold or higher decrease of im- RF B, field distribution into the image phase [7,8].
pedance would be needed. The other way to increase the In general, in biologic samples, there are two contribu-
AC-CDI sensitivity would be to increase the total duration tions to the electric current: one with its origin in the freely
of all electric pulses. However, the duration is limited by the mobile ions and the other in the dielectric properties of cell
NMR relaxation properties of the sample. Namely, longer membranes. AC-CDI uses the arrangement piilses such
total duration of all pulses results in longer echo-times and that both electric current components contribute to the cu-
consequently less signal is detected du&teoelaxation. If mulative phase shift of the applied electric pulses. Hence,
the amplitude or the cumulative phase shift of applied elec- the calculated effective electric current density image cor-
tric pulses is low then the SNR of calculated CDI images is responds to the average current density of both electric
low [5,6]. Unlike the DC-CDI technique and the RF-CDI current components within a pulse. However, it is possible
technique, the AC-CDI technique allows arbitrary fre- to modify the AC-CDI sequence so that only one electric
quency setting of the electric pulses and therefore also thecurrent component contributes to the cumulative phase
electric current frequency. However, the advantage of the shift. For example, to obtain the effective electric current
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