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Electric current density imaging was used to image conductivity
hanges that occur as a chemical process or reaction progresses.
easibility was assessed in two models representing the dissolving
f an ionic solid and the formation of an insoluble precipitate. In
oth models, temporal and spatial changes in ionic concentrations
ere obtained on current density images. As expected, the images

howed significant signal enhancement along the ionization/disso-
iation sites. © 1999 Academic Press

Key Words: magnetic resonance imaging (MRI); current density
maging (CDI); sodium chloride; calcium carbonate; chemical
rocess.

INTRODUCTION

Electric current density imaging (CDI) is a magnetic re
ance imaging (MRI) technique, which enables images o

nduced current density and conductivity distributions with
ample of interest. Sensitivity and resolution studies o
odel system have shown that similar signal to noise rati

n conventional MRI can be achieved with CDI (1, 2). The
echnique has already been successfully used on tumor
ones, which shows its potential medical applications (3–5).
orrelation of current density to ionic concentration has b
tudied on wood samples (6). One of the possible nonmedic
pplications is the characterization of inorganic chemical
esses and reactions (for example ionic reactions, inclu
cid–base neutralizations and reactions that produce pr

ates or gases), which change the conductivity by changin
oncentration of ions in a solution (7).
In this paper, we present the use of CDI as a tool to mo

patial and temporal changes in ionic concentrations durin
issolving of sodium chloride and the formation of calci
arbonate.

THEORY

CDI is performed by applying bipolar electric currents to
ample by external electrodes. The currents are pulsed
hronously with a standard spin-echo pulse sequence (F

1 To whom correspondence should be addressed. E-mail: f
emsar@ijs.si.
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o produce a quasistatic magnetic field, of which the com
ent parallel to the static magnetic fieldB0 is encoded in th

mage phase (1, 8). In contrast to conventional MRI, CD
equires the spatial derivatives of phase images. To imag
omponents of current density, the sample is rotated in
agnet and imaged for three separate orientations in whic

, y, andz axes assigned to the sample are parallel to thB0

Fig. 2). Calculating current densityj z in thexy plane require
agnetic field componentsBx andBy.
From the complex nuclear magnetic resonance sign

hase image in the module of 2p is obtained. First, theBx field
s measured (B0 is parallel to thex axis of the sample) an
econd, theBy field is measured (B0 is parallel to they axis of
he sample). Between the first and the second step, the s
s rotated in the magnet by 90° about itsz axis. Finally, using
mpere’s law the current density image is calculated as
ifference between a gradient in thex direction of theBy phase

mage and a gradient in they direction of theBx phase image

j z 5
1

m0
SBy

x
2

Bx

y D . [1]

EXPERIMENTAL

CDI was tested in two separate experiments: the disso
f sodium chloride (NaCl), and the formation of calci
arbonate (CaCO3). Both experiments were carried out
lexiglass cells filled with 0.7% agar–agar gel, which was u
s a nonconductive medium and to reduce convective mo
current was passed by two external copper electrodes

he inner walls of the cell and perpendicular with respec
he B0.

issolving Sodium Chloride

The dissolving of sodium chloride in an aqueous mediu
well-known and rapid process. Clustering of water dip

round the surface of the ionic crystal and the formatio
ydrated ions in the solution are the key factors in the diss

ng process (9). Sodium chloride crystal was shaped a
ylinder (4 mm diameter, length 12 mm) and placed in

ci.
1090-7807/99 $30.00
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enter of a plexiglass cell. The cell was filled with agar–a
el, closed with electrodes, and placed in the magnet wi
xis perpendicular to theB0 (Fig. 2). The dissolving proce
as monitored by CDI in a time course of 0, 5, 10, 15 m
ntil time t, when the crystal was dissolved (t 5 25 min).

ormation of Calcium Carbonate

Carbon dioxide gas (CO2(g)) is detected by its action o
ime water (Ca(OH)2), as a white insoluble precipitate
alcium carbonate (CaCO3) is formed. The CO2(g) can be
egenerated by the action of dilute acids on carbonates9).

plexiglass cell (12 mm3 10 mm) containing agar–ag
el doped by a saturated calcium hydroxide (Ca(O2)
olution was imaged by CDI at time 0. One of the cell w
as then replaced with a Gore Tex membrane and the
erfused with CO2(g) to form a white insoluble precipitate
aCO3. Perfusion was done three times. Each perfu

asted 20 min and was followed by CDI so that the imag
ime course was 0, 20, 40 and 60 min. After that, the
as left in a CO2(g) atmosphere through the night, imag
nd then exposed to hydrochloric acid (HCl(g)) for 20 min
nd imaged again. The relevant components of the g
toichiometric equation are (10)

Ca21 1 2OH2 1 CO23 CaCO3 1 H2O

CaCO3 1 2H1 1 2Cl23 Ca21 1 2Cl2 1 CO2 1 H2O

Both experiments were imaged on a 100 MHz Bruker B
pec system equipped with microimaging gradient coils, a
adio-frequency receiver coil (diameter 20 mm), using
ulse sequence shown in Fig. 1. Parameter settings
epetition timeTR 5 600 ms, echo timeTE 5 25 ms, tota
uration of current pulsesTc 5 10 ms, field of view FOV5

FIG. 1. The current density imaging pulse sequence. The current p
re of ordermA and are synchronized with a spin echo pulse sequen
hown.
r
ts

,

ell

n
g
ll

al

-
a

e
re:

cm, slice thickness 3 mm, number of averages 2, m
56 3 256, distance between the electrodes:l 5 12 mm for

he dissolving andl 5 10 mm for the formation. Voltag
pplied wasU 5 200 V.

RESULTS AND DISCUSSION

Current density images (Fig. 3) show the onset and
ression of the dissolving process. Once the Na1 and Cl2

ons started to separate from the ionic crystal, the vol
rea around the crystal became a conductor and thu
ow of the currents produced magnetic fields that w
easured by CDI. In line with the progress of the time sc

he concentration of mobile ions in the gel increased.
ere diffusing away from the crystal until an equilibriu
as achieved and the crystal completely dissolved. In
urrent density images, brighter regions are regions of
obile ion concentrations and high conductivity (Figs.
nd 3B). The current density signal is decreasing towar
dges of the cell due to the somewhat slow diffusion of
Fig. 3C) into the gel. Figure 3D shows the current den
mage after 25 min, when the crystal was completely
olved and the oppositely charged Na1 and Cl2 ions rela-
ively uniformly distributed in the gel. In the convention
R images of the sodium crystal dissolution in the ge
istortions, asymmetries, nor susceptibility effects du

he crystal itself, air void, or presence of the electrodes w
bserved. In the current density experiment, asymmet
bserved, particularly in Fig. 3A. We therefore concl

hat this is associated with the inhomogeneity of the sys
nd differences in electrical properties of the constitue
Calcium hydroxide dissociated in the reaction med

nto two oppositely charged ions, Ca21 and OH2, which
ade the medium act as a conductor (Fig. 4B). After

usion with CO2(g), insoluble CaCO3 was produced (solubi
ty product5 4.963 1029); therefore, the area with CaCO3

ad very low current density (11). This appears on th
urrent density image as a dark region (Fig. 4D).
eaction with CO2(g) proceeded until all the calcium hydro

es
as

FIG. 2. The plexiglass cell for dissolving NaCl. The cell was designe
concentric tube, inner diameter 10 mm and height 12 mm, closed at bot
ith plate copper electrodes (380 mm2) connected to a DC voltage amplifi
odium crystal (length 12 mm and 4 mm diameter) is placed in the cen

he cell. Gravity is perpendicular with respect toB0.
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de was transformed into calcium carbonate (Fig. 4F).
ium carbonate was then dissolved in HCl(g) to calcium
hloride (CaCl2). Calcium chloride dissociated into Ca21

nd Cl2 ions that regenerated the conductivity of the
Fig. 4H). However, calcium hydroxide, calcium carbon
nd calcium chloride in a gel have comparable signal in
ities on conventional MR images (Figs. 4A and 4C– 4
To exclude the influence of stochastic noise, current

ity images of the gel itself, gel doped with NaCl, and
oped with CaCO3 without electric current on were obtain
nd no differences between the images were observed.

he electric current on, the gel itself had no current den
el doped with NaCl had high current density, and gel do

FIG. 3. The dissolving of the NaCl crystal. (A) The current density i
oncentration of Na1 and Cl2 ions (j z 5 1500 6 25 A/m2) around the Na
issolving progressed (t 5 5 min), more Na1 and Cl2 ions are present in the
0 A/m2). (C) The size of the crystal is reduced by half (t 5 15 min). Almost a
issolved (t 5 25 min) and the ions are relatively uniformly distributed in

s pointing to an air void that appeared on the site where the crystal wa
l-

l
,
-

n-
l

ith
y,
d

ith CaCO3 had low current density as shown in bo
xperiments.

CONCLUSIONS

Using the CDI technique it is feasible to monitor spa
nd temporal changes in conductivity that occur in a
amic system such as a chemical process or a che
eaction. Solid sodium chloride has no magnetic reson
MR) signal and conventional MR imaging can only sh
hanges in the size of the crystal due to the dissolv
urrent density images on the other hand detect the dis

ng process as a change in the conductivity of the gel, w

e was obtained att 5 0 of the dissolving process. The white regions show
rystal. The crystal and the produced ions are labeled with arrows. (B)

, making the gel in the cell visible (bright region around the crystal;j z 5 14506
e gel in the cell is visible (j z 5 9506 10 A/m2). (D) The crystal is complete
gel, giving a uniform current density signal (j z 5 10006 6 A/m2). The arrow

laced.
mag
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256 COMMUNICATIONS
s a function of the concentration of mobile ions (6, 8).
nother example is a chemical reaction, where calc
arbonate was produced and dissolved in hydrochloric
o form calcium chloride. Again, conventional MR imagi
oes not detect the newly formed substances calcium
onate and calcium chloride in the reaction mixture s

here are enough protons from the reaction medium
roduce a uniform MR signal. Current density imaging
ifferentiate between these two moieties based on
lectrical properties. The technique also allows monito
f the dynamics of the calcium carbonate production; tha

FIG. 4. Conventional MR and current density images of calcium carb
sing conventional MRI. (B) Dissociated Ca(OH)2 produced the current de
Gore-Tex membrane to allow CO2(g) to diffuse into the gel and react wi

ormation. (D) The current density image shows a line between insolub

z 5 1100 6 10 A/m2) and also clearly marks how far into the gel the r
onverted to CaCO3. (F) The current density image of CaCO3 shows low cu
hat dissolved CaCO3 to CaCl2. (G) There is no change in the MR signal o
urrent density of the gel is regenerated due to the production of Ca21 and C
id

r-
e
to
n
ir
g
s,

ow far into the gel carbon dioxide diffused to react w
alcium hydroxide to calcium carbonate. There are sev
ther chemical reactions that can be monitored by CDI
ay described in this paper. The technique could be o

n studying dissolving processes and reactions of gas
arbon dioxide, sulphur dioxide and ammonia in wa
ater solutions, and suspensions. Knowledge of these
esses is important in the understanding of carbon, sul
nd nitrogen cycles in the environment (12). Future work
ill also concentrate on comparison between simul
odels and experimental results.

te formation. (A) Agar–agar gel doped by a saturated Ca(OH)2 solution was image
y signal (j z 5 1100 6 10 A/m2). (C) One of the cell walls was replaced w
a(OH)2 to CaCO3. There is no difference in the MR signal due to the Ca3
aCO(dark region;j z 5 50 6 15 A/m2) and dissociated Ca(OH)2 (bright region
tion has progressed. (E) After 24 h in a CO2(g) atmosphere, all the Ca(OH)2 was
t density (j z 5 45 6 10 A/m2). The cell was afterward perfused with HC(g)

aCl2 compared to Ca(OH)2 and CaCO3 in the images (A), (C), and (E). (H) Th
ons (j z 5 1200 6 13 A/m2).
ona
nsit
th C
le C3
eac
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