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Magnetic Field Variations Near Weak Magnetic Materials
Studied by Magnetic Resonance Imaging Techniques
I. Frollo , P. Andris , D. Gogola , J. Přibil , L. Valkovič , and P. Szomolányi

Institute of Measurement Science, Slovak Academy of Sciences, 841 04 Bratislava, Slovakia
MR Centre-Highfield MR, Department of Radiology, Medical University of Vienna/Vienna General Hospital,

A-1090 Vienna, Austria

Imaging based on magnetic resonance (MRI) for mapping and imaging of the weak magnetic materials placed into the homogenous
magnetic field of an imager is proposed. Samples made of weak magnetic material were theoretically computed, constructed, and tested
on an MRI 0.178 T permanent magnet imager. In laboratory experiments, a homogeneous phantom (reference medium)—a container
filled with doped water—was used. The resultant image represents the magnetic field variations (MFV) in the homogeneous phantom.
For detection, a carefully tailored gradient-echo (GRE) imaging method, susceptible to magnetic field homogeneities, was used. The first
results showed the feasibility of the method and some of the possibilities offered in this field for material research.

Index Terms—Gradient echo, magnetic resonance imaging, soft magnetic materials.

I. INTRODUCTION

W EAK magnetic materials are widely used for electric
and electronic devices. Weak magnetic materials be-

long to diamagnetic and paramagnetic materials. Values of sus-
ceptibility defined as , i.e., change in magneti-
zation with the change in field at the origin ( –magnetization,
–magnetic field, whereas ), range from around

in very weak magnetic materials up to values of around
in ultra-soft ferromagnets, [1].

Imaging of proton density based onmagnetic resonance (MR)
methods used for biological and physical structures is a routine
investigating procedure. Special case is observed when an ob-
ject that consists of a weak magnetic material is inserted into a
stationary homogeneous magnetic field. This results in a varia-
tion of the basic stationary magnetic field. Using a dedicated ho-
mogeneous phantom filled with dopedwater near the sample en-
abled to image the contours of this sample. The acquired image
represents a modulation of the basic magnetic field of the im-
ager detectable by gradient echo imaging sequence.
First attempts of a direct measurement of the magnetic field

created in living and physical tissue by a simple wire fed by
a current were reported in [2]. The motion of magnetization
during applications of electric current and radio-frequency (RF)
pulses was formulated based on the rotating frame Bloch equa-
tion. Images of a phantom were obtained with and without ap-
plication of the electric current to a straight wire. Sensitivity of
MR imaging to magnetic field variations using small electric
currents flowing in the human body was studied in [3]. The in-
fluence of a susceptibility artifact on the detection threshold and
sensitivity was shown in [4]. For this purpose a novel phantom,
consisting of a water-filled cylinder with two wires of different
material connected in series, was constructed.
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The prospective advantage of MRI is limited by artifacts due
to the presence of metallic materials. An example related to the
quantitative evaluation of the magnitude of artifacts from dental
casting alloys and implant materials in MRI, dental casting or
implant materials imaged by means of 1.5 T MRI apparatus was
described in [5].
Magnetic susceptibility of materials that are used for body

implants causes much distortion in MR images; this was shown
in [6]. A modified spin-echo method, in which inserting a time
interval of a defined length reduced the range of phase modula-
tion below the value of , was used. Several experiments with
indirect susceptibility mapping of thin-layer samples using MR
imaging of a planar paramagnetic sample and a homogeneous
phantom were reported in [7]. Reduction of artifacts of metallic
implant in MRI by coating of diamagnetic material was dis-
cussed in [8]. Two models investigating the effect of suscepti-
bility of the paramagnetic and diamagnetic materials are shown.
Susceptibility artifacts appeared with the presence ofmetal from
biopsy conventional titanium tissue marker clips [9]. This study
compared the size of MR susceptibility artifacts and the degree
of local spectroscopy signal disturbance. The basic concept of
magnetic susceptibility as an important field in MRI with med-
ical orientation was reported in [10]. The magnetic suscepti-
bility effects influence the development of MR guided surgery,
construction of surgical instruments and other devices with sus-
ceptibility tailored to the MR environment.
Susceptibility effects of iron-containing brain structures

were qualitatively analyzed by comparing the degree of visible
hypointensity by a score system at either field strength, [11].
The paper presents phantom experiments, where -weighted
fast spin-echo images at 1.5 T and 3.0 T of iron oxide phan-
toms with different iron oxide concentration Fe/ml saline were
measured and compared. The susceptibility aspects of contrast
agents for MRI and molecular imaging are significant in the
field of biomedical nanomagnetics [12]. The intensity of the
MRI signal from a tissue is a function of the density of protons,
the relaxation times, the magnetic susceptibility and any motion
of the tissue.
A computer simulation program capable of demonstrating

various artifacts, such as image distortion caused by metallic
implants in MR imaging, was presented in [13]. The structure
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of the program allows various imaging situations respecting the
Bloch equations.
Numerical modeling of magnetic field variations in the envi-

ronment of measured diamagnetic and paramagnetic samples,
for the purposes of studying MR image variations owing to
the susceptibility of heterogeneous materials, was described in
[14]. The verification was carried out using a simple sample
configuration (circular plate), and the numerically modeled
cross sections were compared with the values of the mag-
netic field, experimentally measured by the MR gradient echo
technique. Magnetic susceptibility measurement using MR
tomography with analytical calculation was presented in [15].
The magnetic field properties of body tissue and contrast

agents, along with the influence of magnetic susceptibility
effects on imaging were discussed in [16].
In this paper we explore possibilities of detection of selected

weakmagnetic materials using an imagingmethod based onMR
principles.
The goal of this paper was to provide a theoretical anal-

ysis and experimental measurements of magnetic field varia-
tions of rectangular and circular magnetic double layers. The-
oretical calculations and simulations demonstrate the potential
and expectations from images measured by a low-field MRI
instrument. Our experimental task was to map the magnetic
field variation and to image the specific structure of thin fer-
romagnetic or paramagnetic samples using a special plastic
holder. Carefully tailored gradient echo MRI measuring se-
quences were used. A series of selected images of thin ob-
jects shows the perspective possibilities of application of this
methodology.

II. THEORETICAL ANALYSIS

Let us assume an ideally homogeneous magnetic field of an
MR imager. When a ferromagnetic or paramagnetic object is
placed into this homogeneous magnetic field, the field near the
sample is distorted.
For the theoretical analysis and optimal physical interpreta-

tion, a magnetic double layer model is used [17].

A. Rectangular Sample

For the purpose of our simple example we suppose that the
magnetic double layer is positioned in the x-y plane of the rect-
angular coordinate system and the thickness of the
layer is neglected.
According to Fig. 1, we suppose the layer is limited by lengths

of and , with the left—right symmetry. The layer is moved
in direction by distance , ds[x,y] is an elementary surface
element. The basic magnetic field of the MR imager is par-
allel with the z-axis. The task is to calculate the com-
ponent of the magnetic field in point .
In a general definition, the magnetic layer with magnetic

dipoles continuously distributed on surface S can be considered.
Such planar magnetic dipole distribution is called magnetic

Fig. 1. Basic configuration of the magnetic double layer rectangular sample
positioned in x-y plane of the rectangular coordinate system. The thickness of
the layer is neglected.

double layer and is characterized by the surface density of a
magnetic dipole moment :

(1)

where

magnetic dipole moment in a particular point;

position vector;

I current equivalent to planar density of dipole
moment of the magnetic double layer;

unit normal vector of surface S in a particular point.

The formula for magnetic field in point requires
the use of the Biot-Savart law [18] in vector form, assuming
the known equivalency of a current loop and a magnetic double
layer (the curve integral is replaced by a surface integral):

(2)

From the physical interpretation assuming:

(3)

we can write the final formula for the magnetic field in a double
integral form as follows:

(4)

where limits for integration are: [ a, a] and ,
see Fig. 1.
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Fig. 2. Calculated magnetic field of the magnetic double layer
sample positioned in the x-y plane of the rectangular coordinate system. Left:
3-D plot. Right: density plot.

After integration of an indefinite double integral (4) we get
the simplified final formula for practical calculation as follows:

(5)

Assuming the following relative values: , ,
, , , the resultant 3-D and 2-D plots of

magnetic field of relative values for
are depicted in Fig. 2.
The density plot representation corresponds well with the ob-

tained MR image.

B. Circular Sample

According to Fig. 3, we suppose the circular double layer
sample placed in the [x,y] plane, where R is the radius,
is the disc center, ds[x,y] is an elementary surface element. The
basic magnetic field B0 of the MR imager is parallel with the
z-axis. The task is to calculate the component of the
magnetic field in point .
Because of relatively complicated general resultant ex-

pressions for numerical and graphical interpretation of the
component computation using formula (2), we tried

to exercise several methods: a) direct integration using surface
integral in rectangular coordinate system, b) polar coordi-
nate system, and c) incremental calculation using rectangular
elements.
The resultant formula using direct integration was derived as

follows:

(6)

Fig. 3. Basic configuration of the magnetic double layer circular sample posi-
tioned in the x-y plane of the rectangular coordinate system.

Fig. 4. Magnetic double layer circular sample positioned in the x-y plane for
incremental calculation.

The resultant formula using polar coordinate takes the fol-
lowing form:

(7)

After integration of (6) or (7), we obtain relatively huge and
complicated expressions. These two approaches do not provide
an easy theoretical solution for the next graphical interpretation.

C. Incremental Calculation Using Rectangular Elements

To simplify the numerical and graphical interpretation, incre-
mental calculation was chosen. The disc was devided into
horizontal narrow rectangular strips copying the shape of the
disc, see Fig. 4.
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Fig. 5. Calculated magnetic field of the magnetic double layer of
the circular sample in the x-y plane for incremental calculation. Left: 3-D plot.
Right: density plot.

Fig. 6. Left: Plastic holder used for sample positioning. Right: Dish for the
testing liquid. Circular sample dimensions: , .

The half length of the strip is , the width of
the strip is . The final formula, using expression (4), represents
the sum of partial element contributions of the upper and lower
part of the disc:

(8)

Assuming the following relative values: ,
, , , , the resultant 3-D

and density plots of the magnetic field of the relative values for
are depicted in Fig. 5.

III. EXPERIMENTAL SETUP

For the purpose of our experiments anMR imager, permanent
magnet 0.178 T (Esaote, Genoa, Italy) with vertical orientation
of the basic magnetic field , was used.
A circular plastic holder used for sample positioning and a

dish for testing liquid is depicted in Fig. 6. A flat supporting
cylinder made of Plexiglas was placed at the bottom of the
plastic holder. A very thin isolating membrane was placed
on its upper part, separating the sample from the liquid. The
height of liquid could be up to 15 mm. The liquid contained

in distilled water. This solution
was used to shorten the repetition time TR of the imaging
sequence GRE due to its reduction of relaxation (to
speed up the data collection).

Fig. 7. Horizontal field hand/wrist RF coil and plastic holder (homogeneous
phantom), active circular diameter 90 mm.

Fig. 8. Left: Original sample made of 4 low magnetic tapes, “double cross,”
6 mm 70 mm, distance between tapes 25 mm, audio cassette tape, thick-
ness 11 , densely packed pure grained ferric particles. Right: Calculated 3-D
image of the magnetic field distribution for .

The general configuration of an RF coil and the plastic holder
is shown in Fig. 7.
An RF hand/wrist transducing coil (elliptical solenoid)

together with the phantom was placed into the center of the
permanent magnet, perpendicular to the magnetic field
orientation.
The GRE MR sequences were selected for the measurements

[17], [20]. A special feature of this sequence is its sensitivity
to basic magnetic field inhomogeneities. The actual parame-
ters used in the presented experiments are as follows: RF pulse:
90 , repetition time: , echo time: ,
number of averages: 6, measured matrix: 256 256, field of
view: 140 140, imaged thickness: 2.0–3.0 mm.

IV. EXPERIMENTAL IMAGING AND RESULTS

As the first physical model, a sample made of four standard
low magnetic tapes was used. The sample was placed into the
center of a plastic holder—homogeneous phantom filled with
the above mentioned solution, see Fig. 6.
3-D plot and density plot images of the magnetic field distri-

bution were calculated using formula (5) respecting the dimen-
sions and positions of particular parts of the samples, see Figs. 8
and 9.
In the second experimental example—circular model, an-

nulus—a sample was cut from low magnetic floppy disk. The
sample was placed into the center of a plastic holder, see
Fig. 6. 3-D plot and density plot images of the magnetic field
distribution were calculated using formula (8) respecting the
dimensions and positions of the particular strips. Two disks
were calculated, relative values and ,

, , . The smaller disc
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Fig. 9. Left: Calculated image of the magnetic field, density plot, .
Right: MR image of the double cross sample using the GRE imaging sequence.

Fig. 10. Calculated magnetic field of the magnetic annulus. Left: 3-D image.
Right: density plot.

Fig. 11. Left: Phase image calculated from the measured data. Right: Magni-
tude image of the magnetic annulus. Number of measured samples, measured
matrix: 256 256. Actual image of this sample was associated with 125 125
pixels.

data was subtracted from the bigger disk data. Resultant mag-
netic field of the calculated annulus of the relative values for

is in Fig. 10.
The MR image of the magnetic annulus and the calculated

phase image from the measured data are depicted in Fig. 11. The
MR image representing magnetic field variation and the phase
image were calculated from measured data using a classic GRE
sequence. The measurement was performed two times with dif-
ferent echo times TE. The Fourier transformed data matrices
were ratio processed to prevent phase wrapping and to remove
some distortions [19]. The magnetic field scale relates to the
circular image of the sample. The noise in the phase image is
caused by limited phase unwrapping due to a very long time in-
terval between both echo times, set as default by the used MR
scanner.
Several imaging experiments were carried out on very silky

samples, textile material treated by magnetic nanoparticles, bio-
logical samples, documents equipped with hidden magnetic do-

Fig. 12. MR image of the polymer fiber, thickness 0.14 mm, treated by the
water solution of Fe O nanoparticles. Number of measured samples, measured
matrix: 256 256. Actual image of this sample was associated with 100 100
pixels.

main, banknotes, etc. One example, a polymer fiber treated by
the water solution of Fe O nanoparticles, is given in Fig. 12.

V. CONCLUSION

The goal of this study was to mathematically describe and ex-
perimentally measure the MFV caused by weak magnetic mate-
rials using an imaging method based on MR principles. Mathe-
matical analysis of rectangular and circular objects, representing
a shaped magnetic double layer, showed theoretical possibilities
to calculate magnetic field around any type of sample. Calcu-
lated 3-D images showed expected shapes of the magnetic field
in the vicinity of the double layer samples. Density plot images
showed magnetic field variations caused by samples placed into
the homogeneous magnetic field of the MR tomograph. Our ex-
periments proved that it is possible to map the magnetic field
variations and to image the specific structures of thin ferromag-
netic or paramagnetic samples using a special plastic holder.
Carefully designed GRE measuring sequences were used. The
shapes of experimental MR images, Fig. 9, 11 and 12, corre-
spond to the real shapes of the samples. The resultant MR im-
ages are encircled by narrow stripes that optically extend the
width of the sample. This phenomenon is typical for suscepti-
bility imaging, when one needs to measure local magnetic field
variations representing sample properties [15], [16]. In the pre-
sented calculations, the bright edges phenomena seen in the im-
ages are not considered due to their very high mathematical
complexity. It is a limitation of the current study and will be
solved in our future work.
It is evident that imaging of the magnetic field variations

of the weak magnetic samples can be performed by the GRE
method based on the transfer of magnetic properties of the
sample into the homogeneous planar phantom. This effect is
strongest if the vector of the static magnetic field is
perpendicular to the sample plain. Our experimental results are
in good correlation with the mathematical simulations. This
validates the possible suitability of the proposed method for
detection of weak magnetic materials using the MRI methods.
Presented images of thin objects indicate perspective possibili-
ties of this methodology even in the low-field MRI.
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