
Abstract—Current density imaging (CDI) is a technique that 
uses magnetic resonance imaging (MRI) to measure the 
distribution of externally applied electric current inside tissues.  
However, CDI processing is rendered inaccurate by the 
distortion caused by the nonlinearity of MRI gradient fields.  
The distortion interferes with the proper registration and the 
curl operation required for correct computation of current 
density vectors.  To address this problem, a calibration 
phantom was imaged to determine the distortion and to 
generate calibration maps to correct the distorted current 
density images.  A validation experiment involving a cylindrical 
phantom was performed to verify this method.  Comparison of 
the distorted and corrected images reveals that both the 
registration and the curl operation are successfully corrected 
by this method. 

I. INTRODUCTION

URRENT density imaging (CDI) is a technique that uses 
magnetic resonance imaging (MRI) to measure the 

distribution of externally applied electric current inside 
conductive media, including biological tissues.  One 
important application of CDI is to study current pathways 
through the heart and chest of postmortem pigs to improve 
defibrillator design [1].  Currently, the most mature CDI 
technique is low frequency CDI (LFCDI).  Throughout this 
paper, the term CDI is used to refer to the LFCDI technique. 
CDI relies on the spatial localization capability of the MRI 
and one of Maxwell’s quasi-static equations as in 
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The current density vector J is computed from the curl of 
the magnetic field vector B [2].  The magnetic field B is 
measured by the MRI, encoded in the phase images, and is 
directly proportional to the encoded phase value. Therefore, 
in the actual implementation, CDI computes current density 
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vectors from the encoded phase information.  The curl 
operation requires knowledge of magnetic field components 
in three orthogonal directions.  CDI obtains the three 
components separately in three imaging sessions.  For this 
reason, the images representing these three components need 
to be properly registered to correctly compute the current 
density vector J.  However, gradient distortion artifacts 
caused by MRI hardware limitations prevent proper 
registration and distort the spatial derivatives within the curl 
operation, making computation of the current density 
inaccurate.  This paper investigates the possibility to 
measure and to correct the gradient distortion in CDI. 

A. Distortion due to Gradient Field Nonlinearity 
In MRI, image object signals are spatially localized by the 

use of gradient magnetic fields.  The gradient fields encode 
the position of the signals by frequency encoding or phase 
encoding as 
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where (x) is the precessing frequency, 0 is the Larmor 
frequency,  is the gyromagnetic ratio, Gx is a linear gradient 
field, (x) is the phase angle, and Tpe is the phase encoding 
time interval [3].  Equation (2) is one-dimensional frequency 
encoding and equation (3) is one-dimensional phase 
encoding. Although both equations only demonstrate 
encoding in the x direction, they are equally applicable in the 
y and z directions.  Note that in both cases, the precessing 
frequency or phase angle are linearly proportional to the 
position x of the signal.  If the gradient field becomes 
nonlinear, then an additional nonlinear term G’(x,y,z) will be 
added to Gx, and the equations become 
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where the distorted position 
xG

zyxGxx ),,('1'  will be the 

actual position encoded.  In this way, the image object signal 
located at position x is spatially distorted to position x’ [4].  
Note that spatial distortion is not the only distortion caused 
by gradient nonlinearity.  The intensity of the magnitude 
image is also distorted due to distortion in the sampling 
volume elements.  More details on the theory of intensity 
distortion can be found in [5]. 

B. Effects of Gradient Distortion on CDI 
Gradient distortion causes current density computation to 

be inaccurate for two main reasons: mis-registration of 
magnetic field components and taking phase derivatives 
with respect to the distorted coordinate system.  Mis-
registration is caused by the asymmetry of spatial distortion 
in the three orthogonal directions in which the magnetic 
field components are acquired.  Due of this asymmetry, 
image voxels that would otherwise be registered together 
undergo different distortion displacements and are broken 
apart from each other.  Mis-registration causes signals 
measured from different volume elements to be combined, 
and the current density J in turn is computed from unrelated 
magnetic field components, resulting in erroneous value.  In 
equation (1), the curl operation involves taking derivatives 
of magnetic field components.  Since the magnetic field is 
proportional to the phase value encoded, taking spatial 
derivative of magnetic field components is equivalent to 
taking the derivative of phase components.  However, due to 
spatial distortion, the coordinate system in which the spatial 
derivative is computed is distorted.  The resulting current 
density vector points to a direction in the distorted space. 

Previous works studied the effects of mis-registration that 
gradient distortion had on CDI [6], [7].  In addition to the 
mis-registration problem, this paper also takes into account 
the distortion experienced by the phase derivatives.  A full 
CDI distortion correction is performed by correcting both 
the spatial distortion and the phase derivative distortion. 

II. METHODOLOGY

A calibration phantom was used to measure the distortion 
caused by the nonlinearity of gradient fields.  The phantom 
consists of a 3D grid of acrylic spheres.  The spheres are 8 
mm in diameter and are regularly spaced 15 mm center-to-
center, as shown in Fig. 1.  There are 13,716 spheres in total 
and the size of the phantom nearly fills the entire magnetic 
bore of the MRI scanner used.  The large size of the 
phantom ensures maximum coverage of distorted area in the 
image field of view (FOV).  Before the phantom is imaged, 
the spheres are filled with deionized water that produces 
magnetic resonance (MR) signals.  Because acrylic material 
does not produce MR signals, the resulting magnitude image 
of the phantom only contains signals from the water-filled 
spheres.

Due to gradient distortion, the spheres in the image are no 
longer at their expected position, as shown in Fig. 2a.  From 
the figure, it can be observed that the nonlinearity of the 
gradient fields is such that there is no distortion at the 
isocenter of the FOV, and high distortion at the four corners.  
To extract the distortion pattern from the phantom image, an 
image processing algorithm first detects the position of each 
sphere in the distorted image.  It then matches the distorted 
position of the spheres to their expected position in an ideal 
undistorted image.  The undistorted position of the spheres 
can be computed because the physical design parameters of 
the phantom are already known beforehand.  In this way, the 
matching of the distorted position to the undistorted position 
creates a calibration map that contains the distortion pattern.  
Application of the calibration map on the distorted image 
results in the corrected image shown in Fig. 2b. 

The direct application of the calibration map can correct 
the spatial distortion by bringing any data point from its 
distorted position to its undistorted position.  However, as 
pointed out previously, spatial distortion only solves the 
problem of mis-registration.  The fact that the phase 
derivatives are taken with respect to the distorted coordinate 
system also needs to be addressed.  To transform the 
derivatives from the distorted coordinate system to the 
undistorted one, the Jacobian matrix of the calibration map 
is multiplied to the components of the vector as  

Fig. 2.   (a) The distorted calibration phantom magnitude image shows 
that the spheres are displaced away from their expected position in the 
regular 3D grid.  There is no distortion at the isocenter and high 
distortion at the four corners.  (b) The corrected magnitude image of the 
phantom shows the expected regular grid of spheres. 

Fig. 1.  The calibration phantom consists of a 3D grid of acrylic 
spheres with 8 mm diameter and regularly spaced 15 mm center-to 
center. (a) Photograph and (b) CAD drawing.
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where  is the phase, (x,y,z) is the coordinate system in the 
undistorted space, and (u,v,w) is the coordinate system in the 
distorted space.  The calibration map can be considered as 
functions that express (u,v,w) in terms of (x,y,z).

A validation experiment was performed to evaluate the 
effectiveness of the gradient distortion correction method by 
using the calibration maps generated.  The experiment uses a 
cylinder shaped phantom, in which the bases are two copper 
plate electrodes. Externally applied electric current is 
injected through the top electrode and leaves at the bottom 
one.  Before imaging, the phantom is filled with water 
containing CuSO4 and NaCl for better MR signal and better 
current conductivity respectively.  Fig. 3 shows the water-

filled phantom just before the experiment.  Due to the 
symmetry of the phantom, it is expected that current will 
flow coherently only along the longitudinal direction of the 
cylinder.  During the validation experiment, the phantom is 
placed at lower right corner of the calibration phantom’s 
FOV, where the gradient distortion is highest (see Fig. 2a).  
In this way, the resulting current density image will face the 
most severe mis-registration and derivative problems caused 
by gradient distortion. 

III. RESULTS

The results of the validation experiment are shown in  
Fig. 4 and Fig. 5.  Fig. 4 shows the magnitude and current 
density data without any correction.  The data in Fig. 5 have 
been corrected using the calibration map generated from the  

calibration phantom.  In both figures, the magnitude image 
has been rendered in 3D using isosurface, and opacity set to 
50% to allow the streamlines inside the phantom to be seen.  
The two groups of streamlines in each figure are generated 
from seed points with the same coordinates, one in the 
middle and one near the right side of the cylinder.  The 
streamlines enable easier visualization of current flow at the 
two areas of interest.  In addition, in Fig. 5, a noise-masked 
portion of the current density vector data was overlaid on the 
isosurface.  The small black arrows represent current density 
vectors in a plane near the center of the cylindrical phantom.   

Fig. 3. A cylinder shaped phantom in which the bases are two copper 
plate electrodes.  The cylinder is filled with water containing CuSO4

and NaCl.  Externally applied current is injected through the top 
electrode and leaves at the bottom one. 

Fig. 4.  A 3D rendering of the distorted image.  The shape of the 
phantom image is displayed using isosurface with opacity set to 50%.  
The group of streamlines in the middle (red) shows divergent current 
flow due to distorted phase derivatives.  The group of streamlines on 
the right (blue) shows random current density vectors due to mis-
registration of magnetic field components. 

Fig. 5.  A 3D rendering of the corrected image.  The shape of the 
phantom image is displayed using isosurface with opacity set to 50%.  
Both the middle (red) and right (blue) groups of streamlines form 
narrow bands indicating uniform current flow.  The group of 
streamlines on the right shows the expected longitudinal current flow. 
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IV. DISCUSSION

Comparison of the distorted image in Fig. 4 and the 
corrected image in Fig. 5 clearly shows that distortion 
correction is successful for the magnitude image of the 
cylindrical phantom.  The position of the phantom in the 
FOV is such that the distortion is highest near the bottom of 
the cylinder, where there are large displacements towards 
the left.  These displacements have been corrected in the 
undistorted space as shown in Fig. 5.

Comparison of the streamlines also shows significant 
correction in current density vectors.  The group of 
streamlines on the right near the edge of the cylinder (shown 
in blue) traces current flowing in the longitudinal direction.  
In the distorted image, although some streamlines trace 
some coherent current flow, a significant number of others 
go astray and behave in a random fashion.  By making 
reference to the isosurface, it can be seen that the seed point 
of this group of streamlines falls on the edge of the distorted 
cylinder. Consequently, the neighboring current density 
vectors on the other side of the distorted edge are computed 
from distorted magnetic field components mis-registered 
with noise, even if they are still within the boundaries of the 
actual phantom.  On the other hand, in the corrected image, 
the group of streamlines generated from the same seed point 
forms a narrow band and traces a straight longitudinal 
current flow as in the expected result, demonstrating that 
mis-registration is resolved in the corrected image. 

The group of streamlines generated by the seed point in 
the middle (shown in red) has been configured to trace all 
the way back to the copper plate electrode where current is 
injected.  The streamlines in the distorted image start to 
diverge as soon as they leave the seed point and end up far 
from each other on the electrode.  This type of behavior is 
partly attributed to mis-registration but more importantly, to 
the distorted spatial derivatives, because the direction of the 
current flow is determined by the relative strength of each 
component in the current density vector and the components 
are in turn computed from derivatives taken with respect to 
the distorted coordinate system. As a result, the current 
density vectors are directed in the distorted space.  However, 
in the corrected image, the streamlines stay relatively 
parallel to each other and keep the band shaped grouping 
until they reach the electrode, indicating successful 
correction of the distorted derivatives.  Therefore, both 
groups of streamlines demonstrate improvements in the 
accuracy of current density computation in the corrected 
image. 

The validation of gradient distortion correction has been 
qualitative until now.  Further analysis is required to confirm 
the effectiveness of the current method.  Possible 
quantifiable validations are the computation of signal to 
noise (SNR) ratio of the uniform current density vectors and 
the comparison of the current density integration with the 
total current injected. 

It is worth mentioning that some commercial scanner 

manufacturers provide their own gradient distortion 
correction software for the magnitude images.  However, 
gradient distortion artifacts in CDI cannot be effectively 
corrected by these softwares for several reasons.  Firstly, 
some people have found the manufacturers’ correction 
algorithm based on the theoretical design parameters to be 
inaccurate, because even gradient coils made from the same 
design could have winding errors, causing variations from 
the predicted field [8].  In the second place, the 
manufacturers’ softwares cannot directly correct phase 
images because of the existence of phase wraps.  To enable 
phase correction using these softwares, 3D phase 
unwrapping algorithms would have to be employed, which 
are less efficient and less reliable than the 1D phase 
unwrapping algorithm currently used by CDI processing.  
Finally, it is also impractical to seek the gradient coil design 
parameters from the manufacturers for correction purposes, 
because they usually do not release these commercially 
sensitive information. 

V. CONCLUSION

The gradient distortion correction method presented in 
this paper has been demonstrated to successfully correct the 
mis-registration and derivative distortion problems 
associated with distorted current density images. 
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