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In this study, a method is proposed to image magnetohydrodynamic (MHD) flow of ionic solutions, which
is caused by externally injected electrical current to an imaging media, during MRI scans. A multi-physics
(MP) model is created by using the electrical current, laminar flow, and MR equations. The conventional
spoiled gradient echo MRI pulse sequence with bipolar flow encoding gradients is utilized to encode the
MHD flow. Using the MP model and the MRI pulse sequence, relationship between the MHD flow related
phase in the acquired MR signal, the injection current, and the MRI pulse sequence parameters is stated.
Numerical simulations and physical experiments are performed to validate the proposed method. The
simulation and experimental results are in agreement and show that the MHD flow related MR phase
depends on the amplitude and duration of the flow encoding gradient and the injected current. This
method may be used to evaluate the MHD flow of conductive liquid media during MRI scans with simul-
taneous electrical current injections. The MHD flow related MR phase is 1.5 radian for an injected current
of 1 mA amplitude, 30 ms duration and a flow encoding gradient amplitude of 24 mT/m. This large MR
phase range exhibits potential use of this method for clinical applications such as investigation of highly
conductive cerebrospinal fluid (CSF) during clinical use of electrical current based neuromodulation in
MRI. However, very high and time varying velocities of typical CSF flow compared to the MHD flow veloc-
ities should also be considered.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Magnetohydrodynamics (MHD) is the phenomena of interac-
tion between magnetic fields and electrically conductive fluids.
Principles of MHD can be identified by considering the generator
andmotor effects in conductive fluids. The generator effect is based
on induction of electrical current in the fluid due to the interaction
between the fluid flow and the magnetic flux density (B). The
motor effect is based on the fluid flow due to the current injected
by an external source and B [1]. In MRI applications, conducting
fluids interact with the static magnetic field (Bo) of an MRI scanner.
As a result, MHD effects are observed in the MR images of media
comprising conductive fluids [2–5].

The MHD effects are well known in electrocardiogram (ECG)
triggered MRI scans. In these applications, the interaction of blood
flow with Bo induces current in the blood. The induced electrical
current elevates the T-wave in the ECGs which is commonly
interpreted as the MHD artifact [2,3,6–8]. It is reported that the
MHD force does not affect the circulatory dynamics and the
induced current is very low to stimulate the cardiac tissue [2,3].
However, the MHD artifact results improper R-wave detection in
the ECG triggered MRI scans which require special algorithms to
synchronize MR acquisition with the cardiac activity [6–8]. The
interaction of electrical current and Bo in conductive fluids has
been investigated in the literature [4,5,9–12]. Truong et al. pro-
posed injecting current to an ionic solution in synchrony with a
gradient-echo (GRE) pulse sequence [9]. They modeled the ionic
motion considering the ionic velocity related drag force and the
Lorentz force due to the ionic velocity and Bo. They performed
phantom experiments on a 4T MRI scanner and utilized oscillating
gradients to encode the ionic motion. The acquired MR magnitude
images exhibited signal loss related to the injected current and the
encoding gradients [9].

Wijesinghe and Roth stated that the ionic mobility values used
in [9] were unrealistic and the actual Lorentz force created by the
ionic velocity and Bo was negligible [10]. They concluded that the
MR signal loss in the experiments of [9] might be due to the
MHD flow [10]. Pourtaheri et al. modeled the MHD flow in ionic
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Fig. 1. A spoiled GRE pulse sequence with bipolar flow encoding gradients for
encoding the MHD flow. RF stands for the RF pulse, Gz ;Gy , and Gx are the slice
selection (SS), phase encoding (PE) and read-out (RO) gradients, respectively.
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solutions during MRI experiments with current injection [4]. They
concluded that the MR signal loss in the experiments of [9] was
due to the MHD flow [4]. Balasubramanian et al. investigated the
MHD flow in ionic solutions during echo planar imaging (EPI) scans
including current injection [5]. They stated that the MR phase due
to the MHD flow (UMHD) was related to the injected current and the
gradient fields of the EPI pulse sequence [5]. Imaging the MHD
effects due to neural electric fields and Bo might provide useful
information related to the neural activity [4,5]. Balasubramanian
et al. stated that the MHD effects might change the cerebrospinal
fluid (CSF) flow which might create an alternative functional MRI
contrast mechanism especially in the case of epilepsy [5]. Although
the experimental results in [4,5] state the potential of clinical
application, physiological noise and actual flow dynamics of
human body may suppress the MR signal variations related to
the MHD flow.

It is observed that the MHD flow effects in the MR images were
either demonstrated as the magnitude image artifacts or time evo-
lution of the phase images obtained for conventional EPI gradients
not specially designed for flow encoding purposes [4,5,9]. In this
study, our goal is to analyze the MHD flow in ionic solutions during
MRI scans. By this way, it is aimed to evaluate the feasibility of
MHD flow imaging. The MHD flow is modeled by using the conser-
vation of electrical current and laminar flow equations with suit-
able boundary conditions. The spoiled GRE pulse sequence with
bipolar flow encoding gradients is synchronized to the electrical
current injected to a phantom filled with an ionic solution. Consid-
ering the MRI pulse sequence parameters, electrical current conti-
nuity and laminar flow equations, a numerical model is created to
simulate UMHD. Phantom experiments are performed in order to
validate the method.

2. MHD flow of ionic solutions during MRI scans with current
injection

2.1. Fundamental equations of the MHD flow

Current injection to a body filled with an ionic solution under
quasi-static conditions and solenoidal current flow can be
expressed as

r � J ¼ r � ð�rrVÞ ¼ 0; ð1Þ

where J is the current density, r is the electrical conductivity, and V
is the scalar electrical potential. Eq. (1) can be solved with the fol-
lowing boundary conditions (BC)

r @VðrÞ
@n

¼ I
A
. . . for r 2 eþ ð2:1Þ

VðrÞ ¼ 0 . . . for r 2 e� ð2:2Þ

where r is the position, n is the surface normal, eþ and e� are the
positive and negative electrodes, I is the amplitude of the injected
current, and A is the area of the electrodes, respectively. The bound-
ary value problem (BVP) shown in Eqs. (1) and (2) is solved for V,
which is used to calculate the electric field, E ¼ �rV . During an
MRI scan, the interaction of J and Bo creates an MHD force density
(F) throughout the solution as

F ¼ J � Bo ¼ rðE þ v � BoÞ � Bo ð3Þ
according to the Lorentz Law, where J ¼ rðE þ v � BoÞ is the current
density for a moving fluid with a velocity of v . F can be expressed as
summation of a rotating (Fr) and a non-rotating force (Fnr). In an
enclosed system, Fnr is suppressed by the walls surrounding the
fluid, whereas Fr results in the MHD flow [13]. Considering
E � v � Bo and using Ampere’s Law, F can be expressed as
F ¼ 1
lo

ðr � BJÞ þ rðv � BoÞk
� �

� Bok; ð4Þ

where lo is magnetic permeability of free space, BJ is the magnetic
flux density of J;Bo is the intensity of Bo, and k is the unit vector in
the z-direction. Eq. (4) can be expanded as

F ¼ Bo
1
lo

@BJx

@z
� vxBo

� �
iþ 1

lo

@BJy

@z
� vyBo

� �
j

� �
� Bo

lo
rtBJz; ð5Þ

where, BJx;BJy;BJz are the x, y, and z components of BJ , vx and vy are
the x and y components of v ; rt ¼ @=@xiþ @=@yj is the transverse
gradient operator, i and j are the unit vectors in the x and y-
directions, respectively. Using Eq. (5), Fr and Fnr can be expressed as

Fr ¼ 1
lo

@BJx

@z
� vxBo

� �
iþ 1

lo

@BJy

@z
� vyBo

� �
j

� �
ð6:1Þ

Fnr ¼ � Bo

lo
rtBJz ð6:2Þ

since the curl of a gradient field is zero. F moves the fluid which can
be modeled using the Navier-Stokes equation

q
@v
@t

þ v � rv
� �

¼ rpþ lr2v þ F ð7Þ

for incompressible fluids

r � v ¼ 0; ð8Þ

where q is the fluid density, p is the pressure field, and l is the
dynamic viscosity. In order to solve Eqs. (7) and (8) in an enclosed
body, no-slip and open boundary conditions [11,12] are used as

v ¼ 0 ð9Þ

and

f o ¼ 0; ð10Þ

where f o is the normal stress on the boundaries. The BVP in Eqs.
(7)–(10) is solved for v , which is used to calculate the acceleration,
a ¼ @v=@t.
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2.2. Encoding the MHD flow

The MHD flow of an ionic solution can be encoded using the
spoiled GRE pulse sequence with bipolar flow encoding gradients
[14] and short repetition time (TR) as shown in Fig. 1.

As shown in Fig. 1, J is injected to the ionic solution with a dura-
tion of Tc in synchrony with a bipolar flow encoding gradient (Gfl)
in the y-direction after the ao RF pulse. Therefore, the pulse
sequence in Fig. 1 is capable of encoding the MHD flow in the y-
direction. In order to encode the flow in the x-direction, Gfl can
be applied to the read-out (Gx) gradient. After the J pulse and Gfl,
the GRE signal is acquired. The MR phase image obtained as a
result of this pulse sequence (UI;Gfl

) can be expressed as

UI;Gfl
¼ Uo þUI þUGfl

þUMHD�I;Gfl
þUMHD�I;GImg ; ð11Þ

where Uo is the systematic phase artifact of the MRI scanner includ-
ing effects of the RF pulse and the imaging gradients (GImg), UI is the
phase component due to current injection, UGfl

is a non-zero phase
distribution due to bipolar flow encoding gradients, UMHD�I;Gfl

and
UMHD�I;GImg are the phase contributions of the MHD flow due to the
injected current, Gfl and GImg , respectively. UMHD�I;Gfl

can be extracted
by removing Uo;UI;UGfl

, and UMHD�I;GImg from the UI;Gfl
measure-

ments. This can be achieved by using UI;Gfl
measurements with pos-

itive and negative I and Gfl polarities and taking the difference of the
resultant UI;Gfl

distributions as

UMHD�I;Gfl
¼ 0:25� ½ðUIþ ;Gþ

fl
�UI� ;Gþ

fl
Þ � ðUIþ ;G�

fl
�UI� ;G�

fl
Þ�; ð12Þ

where UMHD�I;Gfl
is the measured UMHD distribution. UMHD can be

expressed as

UMHD ¼ c
1
Tc

Z Tc

0
GyðsÞyðsÞds

� �
Tc; ð13Þ

where c is the gyromagnetic ratio of hydrogen and y is the position.
y can be expressed as

yðtÞ ¼ y0 þ voyt þ 1
2
ayt2; ð14Þ

where voy and ay are y components of the constant velocity of the
fluid (vo) before the J pulse and the fluid acceleration during the J
pulse, respectively. Considering the bipolar Gfl gradient in Fig. 1
and substituting Eq. (14) in Eq. (13) results

UMHD ¼ �cGe voy
T2
c

4
þ ay

T3
c

8

 !
; ð15Þ

where Ge is the amplitude of Gfl. UMHD changes as a function of time
since voy and ay are time varying distributions. Therefore, at each
data acquisition period, k-space lines will be constructed with dif-
ferent UMHD contributions. The k-space samples for the nth data
acquisition period can be expressed as

S½kx; ky;n� ¼
ZZ

Mðx; yÞe�i2pðkxxþkyyÞeiUMHD½x;y;n�dxdy; ð16Þ

where kx and ky are the spectral frequencies, and M is transverse
magnetization of spins.

Velocity encodings at each data acquisition can be eliminated
by utilizing bipolar J pulses with the pulse sequence in Fig. 1. For
a bipolar J pulse with balanced lobes, vy increases during the pos-
itive pulse and returns to zero at the end of the negative pulse. By
this way, UMHD expressed in Eq. (15) will be related to only ay.
However, removal of voy encoding will substantially reduce the
magnitude of measured UMHD distributions (jUMHDj). In this study,
monopolar J pulses are preferred to bipolar J pulses in order to
increase jUMHDj.
3. Simulation and experimental realization of MHD flow
imaging

3.1. Numerical simulations

The experimental phantom is modeled in a Finite Element
Method (FEM) solver, COMSOL Multiphysics 5.1 (COMSOL AB,
Sweden) as shown in Fig. 2. The phantom has internal dimensions
of 8� 8� 8 cm3. Recessed electrodes of 2� 2 cm2 are located at
2 cm away from the center of the phantom walls. The phantom
in the simulation model is filled with ‘‘Water, liquid” material
from the library of COMSOL Multiphysics. r value of the liquid
material is changed as 0.75 S/m. The simulation model is com-
posed of 74569 tetrahedral, 5070 triangular, and 440 edge ele-
ments, with the maximum and minimum element sizes of
5.19 mm and 0.98 mm, respectively. The BVP in Eqs. (1) and (2)
is modeled using the Electric Currents interface of the solver. Elec-
trical current (I) with a magnitude of 20 mA is applied to the
phantom through the recessed electrodes oriented in the x-
direction. The BVP in Eqs. (7)–(10) is modeled using the Laminar
Flow interface of the solver. The open BC is applied for the top
surface of the phantom and the no-slip BC is applied for the
remaining surfaces. The laminar flow model is solved for a max-
imum step size of 1 ms.

As shown in Fig. 1, J is injected as a monopolar pulse during
each TR period. Therefore, E dependent component of F is adjusted
as a periodic rectangular function for an electrical current duration
of 10 ms and a period of 250 ms, which corresponds to TR. UMHD is
reconstructed by considering Eqs. (15) and (16), and a rectilinear
sampling procedure as shown in Fig. 3.

As shown in Fig. 3, vo; a; ky, and UMHD at the nth acquisition are
updated at each phase encoding. The nth k-space line is obtained
by applying the Fourier transform to UMHD½x; y;n�. After the k-
space sampling process, UMHD is reconstructed by taking the
inverse Fourier transform of the k-space signal, S. A uniform M dis-
tribution is taken in the simulated reconstructions. This is reason-
able since the imaged medium is a uniform liquid and the MR
phase effects that are not related to the MHD flow are removed
by the phase difference operations shown in Eq. (12). UMHD is
reconstructed for different I;Ge, and Tc values.
3.2. Physical experiments

The experimental phantom shown in Fig. 2 is used in the exper-
iments. Copper electrodes with dimensions of 2� 2 cm2 are
located at the surfaces of the recessed structures. The phantom is
filled with an ionic solution of 0.05 g CuSO4 and 0.55 g NaCl in
100 ml distilled water. The conductivity of the solution is mea-
sured as 0.75 S/m (WTW ProfiLine Cond 3310, Xylem Analytics,
Weilheim, Germany). The solution has a pH value of 5.26
(ZL20153 0145281.5, JuanJuan Elect. Tech. Co. Ltd, Guandong
China). The MRI pulse sequence in Fig. 1 is implemented on a 3T
clinical MRI scanner (MAGNETOM Trio, Siemens, Erlangen, Ger-
many). The solution inside the phantom is renewed after each
experiment. Experimental results are obtained for the transverse
(xy) slice located at the center of the phantom. An external voltage
controlled current source is used to inject current to the phantom
through the recessed surface electrodes oriented in the x-direction
[15]. The external current source is synchronized to the MRI pulse
sequence by means of the optical trigger output of the scanner.
Experimental parameters are listed in Table 1.

The experimental UMHD measurements are compared with the
UMHD distributions reconstructed with the simulation data
obtained for the same Ge, I, and Tc values.



Fig. 2. The experimental phantom made of Plexiglas (a), geometrical structure of the phantom used in the numerical (FEM) simulations (b), and the electric field distribution
in the central transverse slice (c).

Fig. 3. The reconstruction procedure of UMHD . N, argð�Þ, fft2ð�Þ, and ifft2ð�Þ represent
the number of phase encodings, the argument function, the two-dimensional fast
Fourier transform (fft), and inverse fft, respectively.
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4. Results

The simulated E distributions for I ¼ 20 mA and the xy-slice at
the center of the phantom are shown in Fig. 4.

As shown in Figs. 4(a, e, f), Ex is much greater than Ey since J is
injected through the x-direction. As a result, E is also oriented in
the x-direction as shown in Fig. 4(c). Magnitude of E (jEj) changes
as a function of distance to the electrodes.
Table 1
Experimental parameters.

Exp.⁄ a tr� TR Slice

(deg) (ls) (ms) ST⁄/ (mm) Sampli

1

30 250 250 Central,xy/5 30� 3

2
3
4
5
6

⁄ Exp., tr ; TE , ST, FOV, Gex and Gey refer to experiment, rise time of Gfl , echo time, slice t
The simulated magnitudes of Fr ; Fnr , and F (jFr j; jFnrj, and jFj)
distributions are shown in Fig. 5. As shown in Fig. 5(a), Fr results
fluid motion in –y–direction. On the other hand, direction of Fnr

changes with respect to the center of the slice as shown in Fig. 5
(b). It is observed that jFnrj values are very small along the central
profiles of the slice. Therefore, the profiles shown in Fig. 5(d) are
investigated instead of the central profiles in order to analyze the
horizontal and vertical characteristics of jFnrj. On locations close
to the electrodes, jFnrj is comparable to jFr j and F exhibits eddy
behavior, as shown in Fig. 5(c). It is observed that jFr j; jFnrj, and
jFj changes as a function of distance to the electrodes.

The simulated v distributions at the central xy-slice of the phan-

tom for the 30th and 128th data acquisition periods are shown in
Fig. 6. As shown in Fig. 6(a, b, d, e), both vx and vy depend on
the distance to the electrodes and vary as a function of time. It is
observed that vx is much smaller than vy especially in the regions
away from the electrodes, whereas vx and vy become comparable
in the regions near the electrodes. As shown in Fig. 6(c, f), v is ori-
ented in -y-direction on locations away from the electrodes and
eddy flow patterns are observed on locations close to the elec-
trodes, which is consistent with the F distribution shown in
Fig. 5(c). Time variation of vy at different points in the central xy
slice of the phantom are shown in Fig. 7. As shown in Fig. 7, vy

changes as a function of space and reaches the steady-state at dif-
ferent time instants for different locations.

The measured MR magnitude images are shown in Fig. 8. As
shown in Fig. 8, the MHD flow does not create measurable changes
in MR magnitude images. Therefore, further analysis is focused
only on UMHD images.

Images of the UMHD measurements and the corresponding sim-
ulated images are shown in Figs. 9–11. As shown in Figs. 9–11, the
experimental and simulated UMHD measurements change as a func-
tion of I;Ge, and Tc which is consistent with Eq. (15). As shown in
Fig. 9(a, b, d, e, g, h), jUMHDj values increase as a function of I. How-
ever, the relationship between I and UMHD is not linear. As shown in
Fig. 9(a, d) and Fig. 9(c, f), UMHD measurements scale with Gey which
FOV⁄/ I Gex
� Gey

� Tc TE
�

ng (cm2/pix.) (mA) (mT/m) (ms)

0/128� 128

20

0
24

10 14.810
20 12
1 24 30 34.8

40
24

0 10 14.812

hickness, field of view, and amplitude of Ge in x and y directions, respectively.



Fig. 4. The simulated E distributions (a-c) and profiles (e-f) at the central xy-slice of the phantom. Ex (a) and Ey (b), refer to the x and y components of E, respectively.
Horizontal and vertical profiles pass through the center of the slice as shown in (d).

Fig. 5. The simulated jFr j; jFnr j, and jFj distributions (a-c) and the corresponding profiles (e-f) at the central xy-slice of the phantom as shown in (d).
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seems to be more linear compared to the scaling obtained for the
UMHD images measured for different I. This is reasonable since
UMHD is directly related to Gey as shown in Eq. (15), whereas the
relationship between UMHD and I can be constructed by using the
multi-physics equations incorporating the electrical current and
Navier Stokes equations as shown in Eqs. (1)–(15).

As shown in Fig. 10, the change in UMHD with respect to Tc is
very large since UMHD is related to voyT

2
c=4þ ayT

3
c=8 as shown in

Eq. (15). UMHD measurement range for I ¼ 1 mA, Tc ¼ 30 ms,
Gey ¼ 24 mT/m is 1.5 radian, which is almost three times greater
than the UMHD measurement range for I ¼ 20 mA, Tc ¼ 10 ms,
Gey ¼ 24 mT/m. It is seen that measurable UMHD distributions can
also be obtained for injected currents of small amplitudes and large
durations. In experiments 1–4, it is seen that the experimental and
simulated UMHD measurements are similar. jUMHDj increases in the
regions close to the electrodes in which jEj is very high, whereas
jUMHDj decreases as a function of the distance to the electrodes,
through which jEj becomes smaller. The simulation and experi-
mental results show that the interaction of J with Bo induces the
MHD flow in the -y-direction, which is encoded by Gfl. It is seen
that the characteristics of the UMHD measurements in Figs. 9 and
10 and the simulated vy distributions in Fig. 6 are similar which
exhibits the dominance of voy encoding in UMHD measurements.

As shown in Fig. 11, the simulated and experimental UMHD mea-
surements in experiment 5–6 have qualitative similarity although
considerable quantitative differences are observed between the
simulated and experimental measurements. Quantitative differ-
ences between the simulated and experimental measurements
are resulted from the low sensitivity of UMHD measurements to vx

distributions inside the phantom. As shown in Fig. 4, the Ey values



Fig. 6. The simulated v distributions (a-f) and profiles (g-h) at the central xy-slice of the phantom, for the n ¼ 30th and n ¼ 128th data acquisition periods. vx (a, d) and vy (b, e)
refer to the x and y components of v, respectively. Locations of the horizontal and vertical profiles are shown in Fig. 4(d).

Fig. 7. Simulation results of vyðtÞ at different points (b-e) inside the selected slice. Locations of the selected points are shown in (a).
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inside the phantom are very small since the current is injected
through the electrodes oriented in the x-direction. As a result, vx

induced by the interaction of Bo and J are very weak, except at
the locations that are close to the electrodes. It is seen that both
the simulated and experimental UMHD measurements show depen-
dence on Gex, which is consistent with Eq. (15). The characteristics



Fig. 8. The measured MR magnitude images of experiments 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), 6 (f), and the corresponding horizontal and vertical profiles as shown in Fig. 4(d).

Fig. 9. The measured (exp.) and simulated (sim.) UMHD images for experiments 1 (a, d), 2 (b, d), and 3 (c, f) with the horizontal (g) and vertical (h) profiles as shown in Fig. 4(d).
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Fig. 10. The measured (a) and simulated (b) UMHD images for experiment 4 with the
horizontal (c) and vertical (d) profiles as shown in Fig. 4(d).

Table 2
The URMS values in Experiments 1–6.

Exp. Exp. URMS (rad) Sim. URMS (rad)

1 0.211 0.215
2 0.173 0.176
3 0.116 0.108
4 0.683 0.613
5 0.033 0.027
6 0.066 0.053
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of the UMHD measurements in Fig. 11 and the simulated vx distribu-
tions in Fig. 5 are similar which exhibit the dominance of vox

encoding in UMHD measurements.
In order to evaluate the quantitative differences in the mea-

sured UMHD images, root mean square (RMS) of the UMHD distribu-
tions (URMS) are calculated as

URMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Ni

XNi

i¼1

UMHDðiÞ2
vuut ; ð17Þ

where i is the pixel index and Ni is the number of pixels in the
selected slice. The calculated URMS values in experiments 1–6 are
listed in Table 2. As shown in Table 2, the experimental and simu-
lated URMS values obtained in experiments 1–6 are close to each
other. As shown in experiments 1–2, the URMS values increase as a
Fig. 11. The measured and simulated UMHD images for experiment 5 (a, d) and 6
function of I. However, the relationship between URMS and I is not
linear. On the other hand, the variation of URMS with respect to Ge

is almost linear as shown in experiments 1, 3, 5, and 6. The largest
URMS values are obtained in experiment 4 for I ¼ 1 mA, Tc ¼ 30 ms,
Gey ¼ 24 mT/m. It is observed that the effect of Tc on URMS is much
greater than the effect of I and Ge, which is consistent with Eq. (15).
5. Discussion

The experimental and simulated measurements show that
imaging of the MHD flow is realized on a 3T clinical MRI scanner.
The resultant UMHD images are related to I;Ge, and Tc. Since this
study aims to evaluate the feasibility of MHD flow imaging, in
experiments 1, 2, 3, 5, and 6, I is injected at different levels as 10,
20, and 40 mA, which are very high for clinical applications. As
shown in Eq. (15), I can be decreased by adjusting Ge and Tc appro-
priately. The increase in Ge is limited by the gradient system of MRI
scanners. During the rise and fall time of Gfl, eddy current is also
induced in the conductor media to be imaged. Therefore, in clinical
applications, Ge and tr should be considered together to prevent
electrical stimulation of biological tissues due to the rapid gradient
switching. As shown in Eq. (15), UMHD is related to
voyT

2
c =4þ ayT

3
c=8. Therefore, increasing Tc is an efficient solution

for reducing I as shown in experiment 4. However, the increase
in Tc is limited by the effective transverse relaxation time (T2⁄)
of the solution to be imaged. The measured MR signal and the cor-
responding measurement sensitivity of the method will be reduced
due to very large increase in Tc.
(b, e) with the horizontal (c) and vertical (f) profiles as shown in Fig. 4(d).
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The remedy for increasing Tc may be the utilization of pulsed
gradient spin-echo (PGSE) sequences used in diffusion and flow
imaging applications [16–18]. In a PGSE sequence, flow encoding
gradients are in either side of the refocusing RF pulse. Current
should be injected between these flow-encoding gradients. It is
recommended that the injected current should be zero during
the refocusing RF pulse in order to prevent imaging artifacts due
to the slice selection. Although the proposed single shot PGSE
sequence can be viewed as an alternative solution for increasing
the sensitivity of UMHD measurements, its multi-echo implementa-
tion for shorter image acquisition time is not straightforward.
Because, in a multi-echo PGSE sequence, the accumulated phase
between the consecutive refocusing RF pulses is not equal due to
the MHD flow which results the violation of the second Carr-
Purcell-Meiboom-Gill (CPMG) condition [19,20]. On the other
hand, the GRE pulse sequence in Fig. 1 can be easily converted to
an EPI pulse sequence which will result in a shorter image acquisi-
tion time.

In addition to the potential multi-echo implementations of the
MHDflowencoding sequences, the shapeof flowencodinggradients
should also be considered in order to generateUMHD in a controllable
way. The bipolar flow encoding gradients in Fig. 1 encode the con-
stant velocity and acceleration terms together. As shown in Eq.
(16) and Fig. 3, theMR phase contribution of theMHD flow is differ-
ent at each data acquisition period, since vo and a are time varying
distributions. The change in UMHD at each data acquisition interval
can be reduced by removing the encoding of vo. This can be achieved
by using tripolar acceleration encoding gradients [21]. Utilization of
tripolar acceleration encoding gradientsmay also reduce sensitivity
to physiological noise over the presented pulse sequencewith bipo-
lar flow encoding gradients. However, the tripolar gradients will
generate much smaller jUMHDj values since sensitivity of UMHD mea-
surements to aT3

c encoding of the tripolar gradients is much smaller

than sensitivity ofUMHD measurements tovoT
2
c þ aT3

c encodingof the
bipolar gradients. Injection of electrical current with very small
amplitudes and large durations (in the order of minutes) may be
used for creating a stableMHD flowwhichmay also provide consis-
tent velocity encodings at each TR. If the injection current is not
switched off during the pulse sequence, phase artifacts related to
electric current may be created. On the other hand, if the injection
current is switched off prior to the pulse sequence, the velocity dis-
tributions will deviate from the steady state as a function of both
position and time which may result different velocity encoding at
eachTR. Injectionofmonopolar electric currentwithvery largedura-
tion (in the order of minutes) may also polarize the solution. It is
more natural to apply the electric current with small durations
instead of a single pulse with large duration.

Experimental results do not exhibit substantial changes in the
MR magnitude images acquired for different I;Ge, and Tc , in con-
trast to [4,9]. Observed changes are only in UMHD. As shown in
Eq. (15), very high Ge values and injected current durations may
result excessive UMHD accumulation in the MR signal which may
also degrade the MR signal quality. Utilization of copper electrodes
may reduce signal to noise ratio (SNR) of experiments due to mag-
netoelectrolysis similar to the nuclear magnetic resonance (NMR)
experiments in [22]. SNR can be improved by using carbon elec-
trodes. Experimental results of the present study are also in line
with [5] which also evaluates the MHD flow effects during EPI
scans by inspecting the MR phase images. However, in order to
perform the MHD flow experiments in a more controllable fashion,
utilization of the flow encoding gradients are recommended
instead of the gradients of conventional EPI pulse sequences as
used in [5].

Effects of the MHD flow have also been studied in MR current
density imaging (MRCDI) and MR electrical impedance tomogra-
phy (MREIT) applications [11-13]. Scott et al. discussed that the
MHD flow of solutions inside a phantom might produce a phase
shift during an MRCDI scan. They expressed that the MHD flow
induced phase shift disappeared when the phantomwas filled with
a gel or by using a pulse sequence with reduced motion sensitivity
[13]. Minhas et al. investigated the MHD flow effects in MREIT
experiments [11,12]. They used injected current non-linear encod-
ing (ICNE) method in synchrony with a spin-echo (SE) MRI pulse
sequence on an 18.8T MRI scanner [11]. It is known that the ICNE
method extends the current injection duration to the RO intervals
to increase UI [23], which results encoding of the MHD flow by the
RO gradients. In a more recent study, Minhas et al. extended [11]
by considering the MREIT experiments with SE and GRE sequences
[12]. They used phantoms composed of artificial sea water and
agarose. In both [11,12], it was reported that the MHD flow of
the ionic solution affected the MR phase measurements, whereas
the MR phase measurements of the highly viscous agarose was free
from the MHD effects. The results in [11,12] are in line with the
present study. As shown in Eqs. (3)–(7), the MHD flow due to Ex

and Ey (vy and vx) can be encoded by Gey and Gex, respectively.
Therefore, the injection current direction should be parallel to
the RO direction in order not to encode the MHD flow in MREIT
experiments.

Both the literature [4,5] and the present study show that imag-
ing of the MHD flow is only applicable in pure liquid media. Since
porous media is more relevant to the biological tissues, it is diffi-
cult to find a clinical application for MHD flow imaging. However,
in biological systems, porous and liquid media are in the neighbor-
hood of each other. For example, the highly conductive CSF, which
has an electrical conductivity value of 1.79 S/m in the body tem-
perature, is close to excitable neural tissues [24]. Balasubramanian
et al. expressed that the generation of large electrical fields near
CSF during the epileptic seizures might induce an MHD flow which
might also alter the usual CSF flow related to the cardiac cycle. It
was stated that the imaging of MHD dependent changes in the
CSF flow might provide direct information about the neural system
[5]. Another potential application area of the MHD flow imaging is
the investigation of CSF flow during the utilization of neuromodu-
lation techniques, such as transcranial electrical stimulation (TES),
transcranial magnetic stimulation (TMS), and deep brain stimula-
tion (DBS). These neuromodulation techniques may create large
electrical fields which may induce MHD dependent changes in
the CSF flow. Experimental parameters of I ¼ 1 mA, Tc ¼ 30 ms,
Gey ¼ 24 mT/m results a large UMHD range of 1.5 radian which exhi-
bits potential for the mentioned clinical applications. However, in
clinical applications, the usual CSF flow velocities due to cardiac
rhythm will also contribute to U images obtained as a result of
the proposed pulse sequence. As reported in [25], the usual CSF
velocities are in the order of cm/s, which are much greater than
the reported MHD flow velocities in the order of mm/s. The
reported CSF velocities are time-dependent considerably. There-
fore, reconstruction of UMHD distributions by using Eq. (12) may
not effectively eliminate the effects of the usual CSF flow. In this
study, pure liquid media is considered in order to investigate the
feasibility of MHD flow imaging. However, in clinical applications,
non-liquid inhomogeneities may exist in the imaged liquid med-
ium. These inhomogeneities may attenuate the MR signal and
deviate the MHD flow patterns. In order to evaluate the potential
of the presented method in the mentioned clinical applications,
non-uniform media should also be investigated.
6. Conclusion

In this study, imaging of the MHD flow is realized by using a
conventional GRE pulse sequence with bipolar flow encoding gra-
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dient and injection current pulses. The measured UMHD images are
related with I;Ge, and Tc in consistent with the theory. The pro-
posed method can be used to understand the MHD flow in conduc-
tive liquid media, during MRI scans including current injections.
The proposed method may be used to evaluate the changes in
the flow of liquid media located near excitable tissues, such as
CSF. However, very high and time varying velocities of the usual
CSF flow may suppress the phase changes due to the MHD flow.
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