
 
 

 

   

Abstract— Susceptibility-based negative contrast in magnetic 

resonance imaging (MRI) provides a mean to visualize magnetic 

microparticles. In the presence of a number of micropaticles in 

the field of view (FOV), the shape of the artifact is affected by 

the dipole-dipole interaction between the particles. Due to the 

limited spatial resolution of the clinical MR scanners, the exact 

positioning of the particles in MR images is not possible. 

However, the shape of the artifact can shed light on how the 

particles are distributed within the FOV. In this work, a 

simulation model and in-vitro experiments were used to study 

the shape and the amount of the susceptibility artifact for 

various spacing and angulations between the microparticles. 

The results showed that for a pair of identical particles with a 

diameter of D, the signal loss starts to change when particles are 

separated ~15××××D and they become fully distinguishable when 

their distance reaches ~ 40××××D. 

 

I. INTRODUCTION 

RI has a wide range of applications in visualization of 
magnetic microparticles e.g. angiography using 

contrast agents, molecular and cellular imaging [1-3] and 
real-time drug delivery to the tumor sites [4]. Compared to 
nanofabricated agents, micrometer-sized agents can benefit 
from higher magnetic moments which increase their ability 
to produce MRI-visible artifacts. Based on equivalent 
amount of magnetic material, micrometer-sized particles 
have up to 50% higher relaxivity [5]. In equal iron contents, 
they have also shown to produce a larger hypointense signal 
in T2

*-weighted images [6]. 
Real-time drug delivery technique to the tumor sites is 

based on therapeutic magnetic micro carriers (TMMC) 
which can be steered and tracked using an upgraded 
magnetic resonance imaging (MRI) system. TMMC is an 
MR navigable microparticle with a diameter of ~50 µm 
loaded with ferromagnetic and therapeutic particles and 
designed for target embolization [7]. The aim of the targeting 
is to focus TMMCs at the entry of the arteriocapillar network 
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through embolization (Fig. 1). High resolution ferromagnetic 
microparticle sensitive T2*-weighted MR scans are 
performed prior and subsequent to the injection of TMMCs 
to record the spatial distribution of the embolizing 
microcarriers. The distribution of the TMMCs can display a 
map of the local microvascular bifurcations. 

Pre-clinical high field scanners facilitate obtaining the 
desirable resolution for resolving microstructures in animal 
models [8-10]. However, microstructure systems cannot be 
imaged using current clinical imaging modalities. In [11], we 
showed that the susceptibility-based contrast provides a 
mean to detect ferromagnetic microparticles as small as 15 
µm in diameter in the images of a clinical MR scanner (Fig. 
1). The results suggested the possibility of microstructures 
visualization through susceptibility artifact using magnetic 
agents. However, the presence of numerous microparticles in 
the region of interest (ROI) affects the susceptibility artifact 
by the dipole-dipole interactions. Hence, the shape of the 
artifact becomes dependent on the distribution of the 
microparticles and their spacing. This makes detection and 
positioning of the individual microparticles challenging. 

 In this work, we studied the shape of the susceptibility 
artifact generated by ferromagnetic cores distributed in an 
unknown fashion over the field of view. The result was used 
to determine the position of the microparticles relative to 
each other. 
  

 
Fig. 1 Experimental coronal images of two stainless steel microparticles 
measured 40µm and 15 µm in diameter, using external field strength of 3T 
and 1.5T.  
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II. MATERIALS AND METHODS 

A. Distorted patterns of ferromagnetic microparticles 

Ferromagnetic materials induce a distorted region in MR 
images due to the field inhomogeneties caused by their high 
magnetic susceptibility. The field induced by sphere 
magnetic particles can be approximated by that of a dipole. 

The susceptibility difference is the source of two types of 
artifact in MR images; geometrical distortion and echo 
shifting. Geometrical distortion is any misregistration of spin 
positions caused by field variations during frequency 
encoding [12-14]. If G' represents the static background 
gradient created by field inhomogeneties, spins residing at 
position x will be mapped to position x': 
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Background gradient along the phase encoding direction 

(perpendicular to the readout direction) imposes a distortion 
on the voxel shape. Image distortion is reflected on both the 
gradient echo sequence (GE) and the spin echo sequence 
(SE). On the other hand, due to the 180° refocusing pulse of 
the SE sequences, the echo shifting effect only appears in GE 
images. The influence of a position dependent phase term is 
added to that of the unusual scaling of the k-space variable 
(as in SE) to determine the position of the spins: 

( ) xTEGx x
′−= πγϕ 2                                                            (2) 

When the phase dispersion is a nonzero positive integer 
multiple of 2π, the voxel signal vanishes completely. 
Therefore, echo shifting creates a signal loss in MR images. 
GE images are affected by both forms of artifacts; however 
echo shifting has a dominant effect on the geometrical 
distortion in GE scans. In [15], two different image 
simulations have been compared: a) based on geometrical 
distortion and phase dispersion and b) based on phase 
dispersion only. Significant deviations have been observed in 
the results obtained for high resolution images (< 100 µm) 
produced in high field MRI scanners. Nevertheless, for 
image resolutions of > 200 µm (clinical MR scanners) the 
difference has not been significant.  

Total signal loss in GE imaging is expected to be 
independent of the in-plane resolution and the geometrical 
distortion [16]. Moreover, the position of the artifact is 
expected to reflect the exact position of the microparticle. 
For intravoxel dephasing, the measured signal within the 
volume of interest in GE imaging and with a homogeneous  
spin density (ρ) is described by: 
 

( ) ( )( )dvtritS
v

∫ −= ,exp
r

ϕρ                                                    (3)  

 ( ) ( )TErBt z

r
γϕ = ,                                                              (4) 

 
where φ is the phase dispersion across the voxel, TE is the 
echo time and γ is the gyromagnetic ratio for protons. The 
field distribution induced by ferromagnetic objects at 
position r

r
 varies as [12]: 
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where m
r

is the net dipole moment, N is the number of the 
particles within the field of view (FOV), D is the diameter of 
the particles and 

satM
r

 is the magnetization saturation of the 

particles. The normalized signal is given by: 

( )( )∫ ∆−=
v

z dvTErBi
s

s r
exp

0

ρ .                                        (6)  

B. Simulation study 

The susceptibility artifact of particles was simulated using 
MATLAB® programming language and based on the 
intravoxel dephasing caused by the phase accumulation at 
the TE in the GE scan (see equation (6)). The area of the Sloss 
was calculated by summing the in plane signal loss over the 
region of interest. Different distances and angles between 
microparticles were simulated to study the pattern of the 
artifacts and the minimum distance required to see them 
distinguishably. The images were evaluated for a coronal 
plane with a slice thickness of 3.5 mm and a pixel spacing of 
0.5 mm. It was assumed that the microparticles are saturated 
at the magnetic field strength of 1.5 T.  

 

C. In-vitro study 

Phantom experiments were carried out using chrome-steel 
microspheres (Salem specialty Ball Co., Inc.) measured 0.4 
mm and 0.8 mm in diameter and a saturation magnetization 
of ~1.3×106 A/m. Pairs of particles at distances set to 
different multiples of their diameters (15×D, 30×D, 40×D 
and 80×D) were fixed on plastic plates. Each pair was 
suspended in the middle of a solution made up of gelatin and 
Sodium Chloride to mimic the human body relaxation times. 
Imaging was performed using 1.5 T (Magnetom Siemens) 
MRI systems. Images were acquired with the standard 8 
channel head coil and the following identical GE parameters: 
FOV = 100 mm × 160 mm, TR = 500 ms, imaging matrix = 
256, slice thickness = 3.5 mm, flip angle = 25°, pixel spacing 
= 0.5 mm, TE = 10 ms.  

III. RESULTS 

 

   Figure 2 presents signal intensity of the simulated GE 
images for different distances between particles, varied from 
5×D to 120×D, and for particles of different diameters (20 
µm, 50 µm, 100 µm and 200 µm). Signal intensity remains 
about the same for the distances less than 15×D. From 15×D 
to 40×D the signal loss grows in size as the form of the 
artifact starts to change. At the distance of 40×D and more 
the artifacts get separated and as such the signal intensity 
remains constant. The signal loss was calculated for an in-
plane resolution of 0.5×0.5 mm2 which is a typical resolution 
of a clinical MR scanner. However, the signal loss calculated 
for particles of different diameters and spacing showed to be 
independent of the image in-plane resolution (results are not 
shown here). In figure 3, particles (D=40 µm) are distanced  
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Fig. 2. Simulated GE signal intensity as a function of the distance between 
the particles on the coronal plane with the following scan parameters: 
B0=1.5T, in-plane resolution = 0.5×0.5 mm2 and TE=10ms. The distance is 
labeled by multiples of the particles’ diameter (D). Curve labels indicate the 
diameter of the particles in micrometer. 

 
at 15×D, 25×D and 40×D along the x-axis and are placed in 
an angular position (Fig. 3d). Simulated GE images with an 
in-plane resolution of 0.5×0.5 mm2 and a field of view of 
2.0×2.0 cm2 can be used to estimate the distance and the 
angle between the particle pairs. The position of the artifact 
in GE scans is expected to reflect the exact position of the 
microparticle. Therefore, positions of the particles were 
determined by finding the center of artifacts. The artifact has 
the shape of a four leaf-clover with two axes of symmetry. 
The center of the artifact is the point where the axes intersect 
(Fig. 3a). Coordinates of the centers were used to calculate 
the distance and the angle between the particles (Fig. 3e). At 
the distance of 15×D the particles are not distinguishable as 
the artifacts are almost completely superimposed (figure 3a). 
At 25×D, the signal represents two artifacts which are partly 
superimposed. However, centers of the artifacts can be 
determined (Fig. 3b). The distance and the angle between the 
particles were measured as 0.9 mm and 27.1˚ whereas the 
real values were 1.1 mm and 26.56˚. These parameters were 
calculated as 1.74 mm and 25.14˚ at the distance of 40×D 

while the real values were 1.78 mm and 26.98˚. Figure 4 
shows a distribution of the particles (D = 20µm) with 
different distances and angulations (part c). Simulated GE 
signals are shown for an image in-plane resolution of 0.2×0.2 
mm2 and 0.5×0.5 mm2. The former is a typical resolution of 
high field MR scanners (7 T) and the latter is a typical 
resolution of clinical MR scanners (1.5 T and 3 T).  

In [11], we validated the simulation model using a 
statistical analysis and the results showed that there was no 
significant difference between the MRI images of magnetic 
microparticles of various diameters and the images produced 
by the simulation model (p = 0.075). In-vitro experiments 
were performed to validate the method proposed for 
positioning the magnetic microparticles and also the 
simulation results. In order to accurately manipulate the 
distance between the particles, those at a millimeter-scale 

 
 
Fig. 3. GE simulated signal of the micropaticles measured 40 µm in 
diameter with the following scan parameters: B0=1.5T, TE=10ms, in-plane 
resolution = 0.4×0.4 mm2 distances at 15×D (a), 25×D (b) and 40×D (c). 
Each pair of the particles were distanced and angulated according to the 
plot d. The centers of the artifacts (1) and (2) were used to calculate the 
distance and the angle between the particles (e). 
 

 
Fig. 4. GE simulated signal of the micropaticles measured 20 µm in 
diameter using the following scan parameters: B0=1.5T, TE=10ms, in-plane 
resolution = 0.2×0.2 mm2 (a) and 0.5×0.5 mm2 (b). The particles are 
distributed according to the plot c. Circled regions show particle pairs with 
different spacing. Region A presents two particles distanced within 15×D 
and 40×D. Region B and C present two particles distanced at 40×D and 
smaller than 15×D, respectively. 
 

(0.4 mm and 0.8 mm) were used. The MR images were 
compared with the simulated images of the particles of the 
same diameter.  
    Figure 5 shows measured and simulated signals of the 
particle pairs at different distances. At 15×D (Fig. 5b) the 
form of the artifact remains the same as that of a single 
artifact, while the artifact increases in size. At 30×D the 
artifact changes in form and it grows in size (Fig. 5c). At 
40×D the artifact represents the two particles clearly (Fig. 
5d). 
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Fig. 5. Experimental (odd rows) and simulated (even rows) coronal images 
of 0.4 mm and 0.8 mm chrome-steel microspheres; (a) a single 
microparticle and (b) to (e) pairs distanced at 15×D, 30×D, 40×D and 
80×D respectively. Identical scan parameters were B0=1.5T, in plane 
resolution 0.6×0.6 mm2 and TE=10 ms.  

                      
   Using centers of the artifacts, the distance between 
particles were measured in both the MR images and the 
simulated images. The results were compared using a paired 
Student’s t-test with statistical significance defined for 
probability values less than 5%. No significant difference 
between the two observations were found (p = 0.16). 

IV. DISCUSSION AND CONCLUSION 

A technique capable of positioning magnetic 
microparticles can be applied into many research areas 
dealing with visualization of microstructures such as cellular 
and microvascular imaging. Using a clinical MRI system, a 
single 15 µm microsphere is detectable in gradient-echo 
scans. Particles at this dimension can easily reach the 
capillary system and be used as steerable and trackable 
agents. Due to the limited spatial resolution of clinical MRI 
systems, the exact positioning of the individual particles in 
MR images of a clinical scanner is not possible. However, 
the shape of the signal loss in GE images can shed light onto 
the local distribution of the particles in a region of interest 
within the human body. Assuming that the injected 
microparticles have identical diameters and saturation 
magnetization values, the following statements can be 
concluded from the results obtained from the current work: 
i) If the distance is < 15×D, the artifacts generated by the 
individual particles are almost entirely superimposed and the 
shape of the signal loss is similar to that of a single particle. 
However, the amount of the signal loss can represent the 
number of the particles,  
ii) If the distance is > 15×D and < 40×D, the artifacts are 
partially superimposed. The distance and the angle between 
the particles can be calculated by locating their centers. 
Nevertheless, artifacts being superposed, their centers cannot 
be accurately positioned, 

iii) If the distance is > 40×D, the artifacts are separated. The 
distance and the angle between the particles can be 
calculated more precisely. 
    The obtained cutoff values (15×D and 40×D) were shown 
to be independent of the diameter of the particles and the 
resolution of the image. However, image analysis in finding 
the center of the artifacts is more accurate at higher 
resolutions (Fig. 4). As a support measure, a simulation 
model was used to study the shape of the susceptibility 
artifact in MR images in the presence of a number of 
magnetic microparicles. The results showed that the accuracy 
of the estimated position of the particles highly depends on 
particles’ spacing and angulation.  
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