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Correlation-Based Image Reconstruction Methods for Magnetic

Particle Imaging

Yasutoshi ISHIHARA†a), Member, Tsuyoshi KUWABARA††, Takumi HONMA†,
and Yohei NAKAGAWA†, Nonmembers

SUMMARY Magnetic particle imaging (MPI), in which the nonlin-

ear interaction between internally administered magnetic nanoparticles

(MNPs) and electromagnetic waves irradiated from outside of the body is

utilized, has attracted attention for its potential to achieve early diagnosis

of diseases such as cancer. In MPI, the local magnetic field distribution is

scanned, and the magnetization signal from MNPs within a selected region

is detected. However, the signal sensitivity and image resolution are de-

graded by interference from magnetization signals generated by MNPs out-

side of the selected region, mainly because of imperfections (limited gradi-

ents) in the local magnetic field distribution. Here, we propose new meth-

ods based on correlation information between the observed signal and the

system function—defined as the interaction between the magnetic field dis-

tribution and the magnetizing properties of MNPs. We performed numer-

ical analyses and found that, although the images were somewhat blurred,

image artifacts could be significantly reduced and accurate images could

be reconstructed without the inverse-matrix operation used in conventional

image reconstruction methods.

key words: magnetic particle imaging, MPI, molecular imaging, image

reconstruction, correlation, nanoparticles

1. Introduction

The enhanced permeation and retention (EPR) effect [1],

which is caused by the leakage of internally administered

nanoparticles from blood vessels and their accumulation in

cancerous tissues, can be used to diagnose cancer. Gleich

and Weizenecker proposed the magnetic particle imaging

(MPI) approach [2], whereby the positions of these mag-

netic nanoparticles (MNPs) accumulated in cancerous tis-

sue can be detected by applying an alternating magnetic

field and local magnetic field from a source positioned out-

side the body. In basic MPI, this local magnetic field is

scanned to encode the spatial information, and the magne-

tization signal with odd-order harmonics is detected from

MNPs within a selected region where the magnetization is

not completely saturated by the local magnetic field. An im-

age of the distribution of MNPs is then reconstructed from

the signal strength of the odd-order harmonics detected in

each place. At this point, however, the system function

based on the interaction of the magnetizing properties of

MNPs and the applied magnetic field distribution has af-

fected the collected data. Therefore, an image reconstruc-
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tion method that considers this effect is needed. Gleich et

al. have proposed image reconstruction methods using the

inverse-matrix operation based on a system function [2], [3]

and iterative processing [4]. However, when an image ma-

trix becomes large, the use of these methods may result in

the reconstructed images being underspecified.

On the other hand, Goodwill and Conolly have for-

mulized an image reconstruction method focused on the

scanning speed of a field-free point (FFP), assuming that the

system function, based on the interaction between a mag-

netic field distribution that forms an FFP and the magne-

tizing properties of MNPs, is linear and space-invariant [5].

However, this method is effective only when MNPs are iso-

lated and the system function is known over the entire re-

construction space.

In all image reconstruction methods, the main reasons

for image quality deterioration are that the gradient of the

magnetic field distribution that forms a FFP is limited and

that the magnetizing properties of MNPs are also imper-

fect [6]. This is because unnecessary interference signals

from MNPs outside the selected region are detected at the

same time.

We proposed an image reconstruction method for re-

ducing these interference signals, which are mainly gener-

ated as even harmonics [7]–[9]. This was achieved by tak-

ing into account the difference between the saturated wave-

form of the magnetization signal detected from the MNPs

within and outside the selected region. We performed nu-

merical analyses to demonstrate that the image resolution

in the molecular imaging technique can be improved by us-

ing the proposed image reconstruction method based on the

abovementioned ideas. Furthermore, a basic system was

constructed and the numerical analyses were experimentally

validated using MNPs with diameters of 10–50 nm. The de-

tection sensitivity and resolution were improved by the use

of methods in the case of locally distributed MNPs. How-

ever, a reconstructed image with the correct distribution of

MNPs may not be obtained when the MNPs are distributed

continuously. This is because the proposed method acts

as an intense high-pass filter against the reconstructed im-

age [6], [10].

Here, we propose new methods in order to reconstruct

an exact image without artifacts. Our methods are based

on the correlation information between the observed signal

and a system function, and do not employ the inverse-matrix

method.

Copyright c© 2012 The Institute of Electronics, Information and Communication Engineers
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2. Principles of MPI

2.1 Magnetization Response Generated by an MNP

The static magnetization (M) of an MNP exposed to a mag-

netic field is described well by the Langevin theory of para-

magnetism, which is defined in Eq. (1).

M = Ms
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Here, Ms is the saturation magnetization of an MNP, µ0 is

the magnetic permeability of vacuum, m is the magnetic mo-

ment of a particle, H is the applied field, kB is Boltzmann’s

constant, and T is the absolute temperature [11], [12].

A magnetization response with higher-order harmonics

corresponding to the nonlinear magnetization properties of

the MNP is generated when an alternating magnetic field is

applied to an MNP (Fig. 1, [A]). In contrast, such harmon-

ics are not generated when a local static magnetic field that

is strong enough to saturate the magnetization of the MNPs

is applied (Fig. 1, [B]). The harmonics can be extracted by

Fourier transformation of the detected signals; therefore, the

positions of the MNPs can be identified and imaged by scan-

ning the local distribution of a magnetic field with approx-

imately zero strength in the region selected as the FFP but

with sufficient strength to saturate the magnetization in non-

FFP regions [2].

2.2 Core Components of the MPI System

A conceptual MPI system is shown in Fig. 2 (a). A mag-

netic field distribution with a very high field strength that

surrounds the desired (selected) region, in contrast to having

a first-order gradient at the center, is achieved by applying a

DC current IDC to a set of Maxwell coil pairs. Thus, an FFP

Fig. 1 Principle of MPI.

is formed at the center of these coils (Fig. 2 (b)). The posi-

tion of this FFP is scanned by applying an offset DC current

Io f f s to each coil (Fig. 2 (c)). Note that, in this approach,

the shape of the FFP applied to the MNPs has a significant

influence on the resolution of the reconstructed image, be-

cause the magnetic field distribution formed with the usual

magnet is imperfect and not spatially well localized. As de-

scribed later, under the influence of this factor, an additional

signal appears from the MNPs around the boundary of the

FFP, and interferes with the signal generated from the MNPs

within the FFP.

Here, a magnetization response of MNPs is generated

when the alternating magnetic field created by the AC cur-

rent IAC in one Maxwell coil pair (the top and bottom coils)

is applied. Here, the magnetizing properties (saturation

characteristics) of the MNP also affect the spatial resolu-

tion owing to the finite gradient of the magnetization curve

(Fig. 1). Ultimately, the response is detected as an electro-

motive force (EMF) induced by the receiver coil according

to Faraday’s law.

2.3 Basic Image Reconstruction Method

As mentioned above, in MPI, image reconstruction is per-

formed with the magnetization response waveform detected

while scanning the FFP. In the conventional MPI image re-

construction method, the frequency spectrum of a magneti-

zation response waveform would ideally consist only of odd

harmonic components when the FFP is scanned at the point

where the MNPs are located. Hence, when the FFP is in the

two-dimensional plane (x-z plane in Fig. 2 where y = 0), the

signal strength in the reconstructed image is expressed by

the following equation.

F(x, z) =

Nh
∑

n=1

S x,z(2n + 1) (2)

Fig. 2 Basic MPI system. (a) MPI system consists of Maxwell coil pairs

and receiver coils. (b) A Maxwell coil pair produces a magnetic field gradi-

ent, and an FFP is formed at the center of the field of view (FOV). (c) The

position of this FFP can be scanned by adjusting the ratio of currents ap-

plied to each coil.
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Fig. 3 One-dimensional image reconstruction by the conventional

method.

Fig. 4 Image reconstructed by the conventional method. (a) An MNP is

set at the center pixel of the FOV as an original image. (b) Image blurring

and artifacts in the reconstructed image due to the interference signals by

the conventional method.

Here, F(x, z) is the reconstructed image intensity in the x-z

plane, S x,z(n) is the n-th harmonic contained in the wave-

form at each FFP (x, z), and Nh is the maximum harmonic

order for reconstruction.

However, since the magnetic field distribution applied

to MNPs and the magnetizing properties of an MNP are not

ideal, image blurring occurs in the reconstructed result. This

situation is explained in the conceptual diagram in Fig. 3. In

this figure, the MNP is arranged as a one-dimensional distri-

bution only at the left-end matrix (x = 1). When the FFP is

scanned on this matrix, only odd-order harmonics are gen-

erated and the image distribution is reconstructed according

to this signal intensity. Next, when the FFP is scanned on a

matrix of x = 2, although the detected signal is ideally zero,

a magnetization response signal is observed owing to the

gently sloped FFP distribution. For this reason, the recon-

structed image intensity does not become zero, and even-

order harmonics are observed in addition to the odd-order

harmonics. Consequently, image blurring occurs despite

the extraction of odd-order harmonics by the conventional

method. Figure 4 shows an example of such image blurring

and artifacts on a reconstructed image.

Fig. 5 Problem of image reconstruction by our previous method.

(a) MNPs are continuously distributed as an original image. (b) Outer part

of the reconstructed image was overemphasized by our previous method.

2.4 Problems with Our Previous Method

From these results, we surmised that the probability that

MNPs do not exist at the position where a magnetization

response signal with even-order harmonics was detected by

the FFP scan was high. In such a case, a correction that em-

phasizes odd-order harmonics and reduces the even-order

harmonics was performed as defined in Eq. (3) [7]–[9].

F(x, z) =

Nh
∑

n=1

[

S x,z(2n + 1)eα(2n+1) − kS x,z(2n)eβ(2n)
]

(3)

Here, F(x, z) is the reconstructed image intensity in the x-z

plane; S x,z(n) is the n-th harmonic contained in the wave-

form at each FFP (x, z); Nh is the maximum harmonic order

for reconstruction; α(n) and β(n) are weighting factors for

the harmonics; and k is an arbitrary constant. We demon-

strated earlier that the image resolution and detection sen-

sitivity of the MPI can be improved by adjusting the har-

monics and distinguishing between the signals generated

by MNPs within and outside the FFP. However, when the

MNPs are distributed continuously, one problem has been

that a reconstructed image turns into a high-pass-filtered im-

age as a result of correcting the interference signal at each

point, although the distribution of isolated MNPs can be de-

tected with high sensitivity (Fig. 5).

3. Proposed Methods

In order to overcome this unexpected effect, the following

two methods of reconstructing the exact spatial distribution

of MNPs are proposed. In these methods, the induced EMF

waveform generated from an MNP at each FFP is measured

as a system function. The correlation between this system

function and an induced EMF waveform generated by the

distribution of the unknown MNPs at each FFP is then cal-

culated without any inverse matrix operation.

3.1 Proposed Method–1

In the first method, the estimation of the distribution of
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Fig. 6 Concept of system function for the proposed method–1.

Fig. 7 One-dimensional image reconstruction by the proposed

method–1.

MNPs is based on the correlation between the observed sig-

nal Vx,z(t) from the distribution of unknown MNPs and the

system function (i.e., the point-spread function), Gi, j;x,z(t),

which is a space-variant system determined by the interac-

tion of the magnetic field and the distribution of MNPs. As

shown in Fig. 6, this system function can be determined by

measuring the waveforms at the FFP points of (x, z) when

an MNP is set at each point (i, j) within the field of view

(FOV), and by connecting all of these measured waveforms

as one-dimensional data sequentially arranged in an array of

rows and columns (x, z) and expressed as Eq. (4).

Gi, j;x,z(t) ≡ Gi, j[xt + X(z − 1)] (4)

(x = 1, 2, · · · , X), (z = 1, 2, · · · ,Z)

Similarly, the observed signal Vx,z(t) is also expressed as

Eq. (5).

Vx,z(t) ≡ V[xt + X(z − 1)] (5)

(x = 1, 2, · · · , X), (z = 1, 2, · · · ,Z)

Consequently, the MNP distribution F(i, j) in the x-z plane

is reconstructed using Eq. (6).

F(i, j) =

∫

Vx,z(t)Gi, j;x,z(t)dt (6)

To be specific, the method of reconstructing one-

dimensional distribution is explained in Fig. 7 in relation to

Fig. 8 One-dimensional image reconstruction by the proposed

method–2.

Fig. 3. Here, it is assumed that an MNP exists in the left-end

matrix. A signal is observed by scanning the FFP in each po-

sition (x = 1, 2, 3) (left column in Fig. 7). The signal series

observed at the position of each FFP is arranged in order in

the direction of the time-axis, and is made into the one sig-

nal series Vx(t) (left column in Fig. 7). In contrast, a system

function is determined from the signal detected by scanning

the FFP (x = 1, 2, 3), when one MNP has been arranged in

each position (i = 1, 2, 3) corresponding to the matrix posi-

tion of the reconstructed image, as shown in the central col-

umn in Fig. 7. That is, the signal acquired by scanning the

FFP from x = 1 to 3 is arranged in the direction of the time-

axis, and is made into one signal sequence Gi;x(t). Here, the

system function in the case that an MNP has been arranged

at the left end (i = 1) is expressed as Gi=1;x(t). Similarly, the

system function Gi=2;x(t), which scans the FFP from x = 1

to 3, is defined when an MNP is arranged at i = 2.

A reconstructed image F(i) is expressed as the sum of

each correlation between the observation signal Vx(t) and

the system function Gi=1,2,3;x(t). In this way, it is possible to

estimate the position of an MNP.

3.2 Proposed Method–2

A second method for improving spatial resolution was at-

tempted. In this method as well, the signals are generated

from MNPs outside an FFP region owing to the imperfec-

tion of the system described above. However, only the sig-

nal generated from an MNP set in the FFP region is taken

into consideration as a system function.

The concept of image reconstruction in this method is

shown in Fig. 8. As in the first method, a procedure that

reconstructs the one-dimensional MNP distribution is ad-

dressed. When an MNP exists in the left-end matrix, the

FFP is scanned for every matrix and a signal is observed as

Vx(t) at each FFP (left column in Fig. 8). The system func-

tion is defined as the signal generated when an MNP has

been arranged at each matrix and the FFP is scanned at the

corresponding matrices (central column in Fig. 8). This is
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equivalent to assuming that a signal is not generated when

the FFP is scanned at other matrices. The system function

is then expressed as Gx(t). The intensity of a reconstructed

image is obtained by calculating the correlation between the

observation signal and the system function at each position.

Consequently, the MNP distribution F(x, z) in the x-z

plane is reconstructed using Eq. (7).

F(x, z) =

∫

Vx,z(t)Gx,z(t)dt (7)

Thus, compared to the abovementioned method–1, a sup-

pression of image blurring arising from the imperfection of

the FFP is expected by using an ideal system function (that

is, where the interference signal is ignored).

4. Numerical Simulation

4.1 Simulation Methods

In order to examine the validity of the proposed methods

based on the concept of correlations between the observed

signals and system functions, a numerical analysis was per-

formed with the system model shown in Fig. 2. In this ex-

amination, two coil pairs (diameter: 0.5 m, distance: 1.0 m)

and a receiver coil (diameter: 0.1 m, number of turns: 1)

were used, and the FOV was set to 4 × 4 mm2 with a ma-

trix size of 81 × 81. A magnetic field distribution with a

gradient field of about 2.5 T/m formed in the z direction at

MNPs with a particle diameter of 50 nm was applied as an

FFP with this coil pair. In addition, an alternating magnetic

field of 1 mT was applied at a frequency of 35 Hz in the same

direction.

4.2 Simulation Results

Figure 9 (a) shows two original images. The left panel indi-

cates an MNP distributed at a central pixel (0.05×0.05 mm2)

and the right panel indicates MNPs distributed in the shape

of a square (1.0 × 1.0 mm2). Figure 9 also shows the

corresponding, images reconstructed by the conventional

method (b), the proposed method–1 (c), and the proposed

method–2 (d). With the conventional method, the recon-

structed distribution was spread around the region where the

MNPs were actually positioned, and image artifacts were

observed. In contrast, the images for the proposed methods

confirm that compared to the conventional method, image

artifacts could be drastically reduced. Figure 10 shows the

profile of each central section of the image reconstructed

by each method in the case that an MNP is arranged at the

central pixel of FOV in Fig. 9. As mentioned above, the side

lobes (image artifacts) due to the interference signal are sup-

pressed with each of the proposed methods.

For signal profiles shown in Fig. 10, it is difficult to

evaluate the image resolution by using the full width at half

maximum. Here, based on the same idea as that of the stan-

dard deviation in a Gaussian distribution, the range in which

the integrated value of the image intensity was equivalent to

Fig. 9 Image reconstructed by each method. (a) Original images. (b) Im-

ages reconstructed by the conventional method. (c) Images reconstructed

by the proposed method–1. (d) Images reconstructed by the proposed

method–2. The left panels indicate images when MNP is distributed at a

central pixel. The right panels indicate images when MNPs are distributed

in the shape of a square.

±1σ from the center of the image was defined as the image

resolution. Based on these criteria, the image resolutions

(2σ) in the z direction for the conventional method, the pro-

posed method–1, and the proposed method–2 were 0.5, 1.0,

and 0.3 mm, respectively. In addition, the corresponding im-

age resolutions in the x direction were 0.9, 2.3, and 1.6 mm,

respectively.

5. Discussion

5.1 Causes of Image Blurring and Countermeasures

It was confirmed with numerical analyses that the image ar-

tifacts observed in the conventional method do not appear

with the proposed image reconstruction methods, especially

with method–2. However, it was shown that the image reso-

lution along the x direction deteriorates even with method–2
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Fig. 10 Image profile along two axes. These correspond to the profile in

the case that the MNP is arranged at the central pixel of the FOV in Fig. 9.

Fig. 11 Magnetic field distribution of Maxwell coil pair. (a) Distribution

of FFP formed with a Maxwell coil pair. (b) Profile of FFP distribution

along each axis.

(compared to the size of the MNP distribution in an origi-

nal image (0.05 mm), the degradation of image resolution is

about 30 times as great.), although that along the z direction

is improved. Here, the cause of image blurring is consid-

ered.

One of the main reasons is that a relatively gentle and

ellipse-like magnetic field distribution is formed with a nor-

mal Maxwell coil pair (Fig. 11 (a)). Namely, the magnetic

field intensity required to saturate an MNP magnetically

near the FFP is not obtained, and an interference signal is

generated. In particular, the magnetic field intensity along

the x direction is half that along the z direction (Fig. 11 (b)).

Furthermore, note that differences in the application di-

rections of a gradient magnetic field (x- and z-axes) and an

alternating magnetic field (z-axis) change the waveform of

Fig. 12 Waveforms of EMF depending on magnetic field components.

the generated EMF. Figure 12 (a) shows the condition in

which an MNP was set at position MNP-a, and the FFP was

scanned at the center of the FOV. Under these conditions,

the magnetic field intensity at MNP-a approximately con-

sists of only the z component. When an alternating magnetic

field is superimposed on the MNP at MNP-a (far from the

center along the z direction), the MNP experiences a mag-

netic field intensity that is a scalar sum of the alternating

and gradient magnetic fields. This is because the magnetic

field component of the alternating field is composed approx-

imately of the z component. In this case, the “asymme-

try” of the induced EMF wave (Fig. 12 (a)) (i.e., the inter-

ference signal generated from an MNP) is intensified, and

its correlation with the induced EMF wave obtained from

the selected region corresponding to the system function

(Fig. 12 (c)) decreases. Therefore, the observed interference

signals are suppressed in images reconstructed by the pro-

posed methods, and a high image resolution about the z-axis

is expected.

In contrast, Fig. 12 (b) shows a condition in which an

MNP was set at position MNP-b (far from the center along

the x direction), and the FFP was scanned in the center of

the FOV. Under these conditions, the magnetic field inten-

sity at MNP-b approximately consists of only the x compo-

nent. When an alternating magnetic field is superimposed

on the MNP, the induced-EMF wave observed with a re-

ceiver coil is similar to the system function. Therefore,

the correlation of the induced EMF wave of an interfer-

ence signal (Fig. 12 (b)) and that corresponding to the sys-

tem function (Fig. 12 (c)) obtained from the selected region

increases. Therefore, it becomes difficult to suppress the

observed interference signal by the proposed methods, and

the image resolution about the x-axis decreases. The pro-

posed method–1 is particularly affected by this process be-

cause the correlation is calculated after the signal observed

by each FFP is arranged. Consequently, image blurring in
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Fig. 13 Improvement in image blurring by superimposing two acquired

images with changes in the direction of a magnetic field. The original im-

ages correspond to Fig. 9 (a).

Fig. 14 Image profiles along the two axes corresponding to those in

Fig. 13 (b).

the proposed method–1 becomes large compared to that in

the proposed method–2.

In order to improve image resolution, it is necessary

to suppress such image blurring. One solution is to add

each reconstructed image obtained by exchanging the di-

rection of the gradient magnetic field components that form

the FFP and received signal components. Figure 13 shows

images reconstructed by the abovementioned method when

MNPs were arranged in positions corresponding to those in

Fig. 9 (a). It was confirmed that the spread of image blurring

along the x-axis is improved by superimposing two acquired

images with changes in the direction of the magnetic field.

From Fig. 13 (a), the image resolutions about the x-axis and

z-axis were both 0.54 mm. In addition, the outlines became

clearer in the reconstructed image shown in Fig. 13 (b) than

in the image shown in the right panel of Fig. 9 (d). Although

the image resolution improved, image blurring was recog-

nized when the profile was compared to that of the original

image, as shown in Fig. 14.

5.2 Validity of Simulation Methods

In order to confirm the validity of these numerical anal-

ysis procedures, a prototype system that collects one-

dimensional MPI image data was constructed [6]. In the ex-

periment, FFP was formed with a gradient magnetic field of

1.2 T/m by a Maxwell coil pair (diameter: 180 mm, num-

ber of turns: 285 each, opposite distance: 30–50 mm).

The magnetization response waveform generated from the

MNPs at the center of the Maxwell coil pair was detected

with a receiver coil (diameter: 35 mm, number of turns: 40)

that surrounds the MNPs when an alternating magnetic field

with an amplitude of 90 mT (frequency of 35 Hz) was ap-

plied. The MNPs consisted of 2.0-g of dry iron oxide parti-

cles with a nominal diameter of 10 nm (EMG1500, Ferrotec

Corp., Chiba, Japan). By comparing normalized magnetiza-

tion signals obtained under the same conditions by numeri-

cal analysis and experiment, the error in amplitude between

the simulated and experimental signals was found to be 5%

or less. Moreover, a comparison of the third-order harmonic

components confirmed that both were in agreement with an

accuracy of about 80%. Accordingly, the numerical analy-

ses in this study were shown to be appropriate.

6. Conclusions

In MPI, interference of the magnetization signal generated

by the MNPs outside an FFP, owing to their nonlinear re-

sponses, leads to degradation of the image resolution. We

therefore proposed new methods based on the correlation

between the observed signal and a system function, and per-

formed numerical analyses. Although image blurring was

still evident in the numerical analyses, we showed that im-

age artifacts could be drastically reduced compared to the

conventional method. Although further improvement of im-

age quality is necessary, these methods can be used for im-

age reconstruction without the inverse-matrix operation in

conventional methods.
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