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Abstract

Localization of magnetic nanoparticles is critical for precise intravascular therapy and drug delivery. Conventional magnetic

particle imaging scanners are closed bore-type structures in which the working space is limited to the inside of the coil, leading

to poor compatibility with other medical devices and limited user accessibility during operation. This paper presents an open-

type magnetic particle imaging (OMPI) scanner that can monitor magnetic particles in three-dimensional space. The device

integrates an asymmetric arrangement of soft-core electromagnetic coils and a single side for magnetic spectroscopy. The

monitoring capabilities of the device were designed based on magnetic particle imaging technology. It is suitable for application

with a concentration of magnetic particles of around 55.8 mg/mL within a region of interest of 30 × 30 × 30 mm3. The imaging

feasibility of this system was verified by in vitro experiments. The proposed system enables magnetic particle imaging to be

applied more flexibly to complex medical scenarios.
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1. INTRODUCTION

Micro robotics has garnered significant interest as a

multidisciplinary domain encompassing biology, mechanics, and

materials science [1-3]. This interest is largely attributed to its

potential applications in the medical and bioengineering sectors,

such as targeted drug delivery, microsurgical procedures, and

biosensing [4-6]. Within the medical realm, precise targeted

delivery (PTD) holds great promise for cancer treatment by

mitigating drug toxicity and resistance and enhancing the

specificity of treatment protocols [7,8]. 

Microcarrier localization is pivotal in PTD. Among the

various available biomedical imaging techniques, optical

tracking, ultrasound imaging, X-ray monitoring, and magnetic

resonance imaging (MRI) are frequently employed for in vivo

microrobot tracking [9]. Magnetic particle imaging (MPI) is the

most promising technique [10-13]. MPI is a tracer-based

imaging modality that facilitates the tracking and quantification

of materials such as magnetic nanoparticles (MNPs). The

excitation and driving magnetic fields of the MPI scanner alter

the magnetization of MNPs in the field-free region (FFR), and

these changes are detected by the receiving coil. By analyzing

the coil signal, we can deduce the position and concentration of

the MNPs [14]. Since its inception in the early 2000s, MPI has

undergone comprehensive advancements in scanner size,

scanning trajectory, and system architecture [15-18]. The current

MPI technology has a spatial resolution of 1 mm, temporal

resolution of 65 frames per second, and sensitivity that is many

times greater than that of MRI [19-21]. MPI scanners are

broadly categorized into closed-bore, open-bore, and single-

sided configurations, with closed-bore designs being the most

commonly used structure [22-25]. Closed-bore MPI scanners

can produce a homogeneous excitation field within the region of

interest (ROI), but are limited by a confined workspace, reduced

compatibility with other medical equipment, and limited user

accessibility during operation. Open-type MPI scanners offer

less penetration depth and less uniform excitation fields than

closed designs, provide a more flexible workspace, and enable

interaction with additional medical devices as their openness

increases.

In this paper, we propose a method for tracking the position of
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MNPs in 3-dimensional space using an open-type MPI scanner

constructed with an anisotropic electromagnetic coil (AEMC)

system, the open-type magnetic particle imaging (OMPI)

technique. This is the first attempt to construct an OMPI scanner

using an AEMC system. The AEMC system is composed of six

coils with soft magnetic cores having an anisotropic arrangement

in 3-dimensional space, whereas the RF coils use open-type

magnetic particle spectroscopy (OMPS) [26]. The main

contribution of this study is the development of an open-structure

MPI scanner integrated with AEMC and OMPS, which will

enable a more flexible application of MPI technology in medical

treatment in the future. The performance of the proposed OMPI

scanner is characterized using in vitro experiments to verify its

feasibility of the proposed method.

2. OPEN-TYPE MAGNETIC PARTICLE 

IMAGING (OMPI)

MPI scanners are generally composed of two main components:

electromagnetic coils capable of creating a Field-Free Point (FFP),

and a Magnetic Particle Spectroscopy (MPS) system for detecting

the magnetic particle signal. In this study, we employed an AEMC

system consisting of six electromagnetic coils with soft magnetic

cores to generate FFP, a specific type of FFR. The MPS system

consists of excitation and reception units. Furthermore, an OMPI

scanner was developed by integrating an OMPS with an AEMC

system. 

2.1 Generation of field-free point

To generate the FFP using the AEMC system, we employed an

estimation method based on finite element modeling of the system

[27-29]. The control equations for the magnetic field and its

gradient at the target position P (x, y, z) are derived from the

general control equations of a magnetic manipulation system. The

equations used are as follows: 

 (1)

 (2)

  (3)

where, , ,  is

the unit current magnetic field of the 6 EMA coils,  (j: x, y,

z)  is the component of the field gradient of the magnetic

field force along the x, y, and z directions. To obtain the current

values required for the AEMC to generate the desired FFP at point

P, we solved the linear equation of the pseudo-inverse of the unit

current matrix U with the desired FFP condition matrix Q,

following the equation mentioned in [30].

2.2 OMPI Scanning Strategy

The structure of the proposed OMPI scanner is shown in Fig. 1,

where the two main components of the system are shown: AEMC

and OMPS systems. The OMPS system includes both detection

and cancellation. The detection part consists of a transmitter coil

( ) and receiver coil ( ), whereas the cancellation part

consists of a compensation coil ( ), cancellation coil ( ),

and duplicated transmitter coil ( ). The MNPs located in the

ROI generate fundamental harmonics at the same frequency (f) as

the excitation field generated by  and higher harmonics at

2k+1 (k N+) times the frequency of the fundamental harmonics

as follows [31]:

 (4)

where,  is the phase of the offset, A is the amplitude of the
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Fig. 1. The structure of OMPI scanner.
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harmonic, and A decreases as i increases. A typical MPI scanner

uses higher harmonics to determine the signal of the MNPs

because it is susceptible to interference from other materials at the

fundamental harmonics. However, as the generation of detectable

higher harmonics requires a high-amplitude excitation field,

considerable power is consumed to operate the system. In

addition, there is a risk that excitation fields of high amplitude

produce adverse neural stimulation in organisms [22]. Therefore,

we used a low-amplitude excitation field to excite the MNPs,

although this reduced the sensitivity of the scanner and made it

difficult to record the weak fundamental harmonic signals of the

MNPs in dilute samples. Nevertheless, we applied the cancellation

method to increase the sensitivity of the scanner as much as

possible, and verified the sensitivity limitation through in vitro

experiments. The AEMC system can generate an FFP at any

specified location within the ROI; thus, the FFP can follow the

user-input scan trajectory during scan imaging. In this study, the

field of view (FOV) is 30 × 30 × 30 mm3. To minimize the time

required to complete single-location tracking, location tracking

was performed twice. The range of the first tracking (global

tracking) was the entire FOV with the FFP motion step in the x,

y, and z directions of 3 mm, 5 mm, and 3 mm, respectively. At the

end of global tracking, we obtained the position tracking results

for the MNPs in three dimensions of 11 × 7 × 11 pixels. First, we

determine the location where the maximum signal value is located

and then specify that location as the center of the volume for the

second tracking (so-called local tracking). In local tracking, the

scanning range was 8 × 12 × 8 mm3 and the FFP motion steps in

the x, y, and z directions were 1 mm. At the end of local tracking,

we obtained the results of position tracking for the MNPs in three

dimensions with 9 × 13 × 9 pixels. Fig. 2 shows the scan range,

data recording points, and the zigzag scanning path for global and

local tracking. 

In the OMPS system for detecting MNP signals, , ,

 and a 21 nF capacitor are connected in series to construct

a resonant circuit, where the current flow on  and  in

the opposite direction to . Two Rx coils were connected in

series, and the currents on the coils flowed in the same direction.

The position of the calibration coil can be changed by turning the

knob such that the inductive voltage signal on the Rx circuit can

be canceled to zero as much as possible when the MNPs are not

in position. The cross-sectional view in Fig. 1 shows the structure

of the coils inside the detection and cancellation sections. In this

work, the two Tx coils used as excitation units have a frequency

of 11.8 kHz and an amplitude of 1 A, and the maximum peak

amplitude of the magnetic field at the upper surface of the 

coil is 2 mT. Some of the parameters of the scanner are shown in

Table 1. In the Rx loop, we filtered the received signal using

analog bandpass filters at 10.8 kHz and 12.8 kHz, and then

amplified it 20 times using a preamplifier. The acquired digital

signal is then filtered again on the PC using a digital bandpass

filter at 10.8 kHz and 12.8 kHz. The connections between the

devices comprising the entire system are illustrated in Fig. 3. We

recorded the root-mean-square signal value at each pixel point in

the FOV with the position information of the FFP at that location

and finally reconstructed the scanned image from the recorded

data. It takes approximately 550 ms to record each pixel once;

TX
D

TX
C

TX
Cali

TX
D

TX
Cali

TX
C

TX
D

Fig. 2. (a) Scanning path and recording position of Global tracking.

(b) Scanning path and recording position of local tracking.

Table 1. System Parameters

CATEGORY PARAMETERS VALUE

Magnetic gradient of FFP field G 1 T/m

Amount of resovist particle mp

100 µL

(55.8 mg/mL)

Max. Current of Tx coil IT 1 Apk

Frequency of IT f 11.8 kHz

Fig. 3. Connect diagram of OMPI scanner and device.
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therefore, it takes approximately 8 min to complete global

tracking and 10 min to complete local tracking. 

3. EXPERIMENTAL RESULTS

3.1 Experimental Setup

To validate the proposed position-tracking method, we

performed in vitro experiments. In vitro experiments were

conducted to evaluate the position-tracking accuracy of the OMPI

scanner in 3D space. The MNPs used for OMPI were 100 µL of

Resovist (Meito Sangyo Co. Ltd, Japan) with Fe concentration

and magnetization rate of 55.8 mg/mL and 0.0308 c.g.s,

respectively. The positioning jig was fabricated using a 3D printer

(Object Eden 260VS, Stratasys, Korea) with an acrylic material

(Veroclear, Stratasys, Korea). The DC power supplies for the

EMA coil were three MX15s and three 3001iXs from AMETEK,

USA. A VC 7000 (Lauda, Germany) cooling system was used to

cool the EMA coils. The function generator and power amplifier

that supplied power to the loop where the Tx coil was located

were KEYSIGHT TECHNOLOGIES 33210A and AETECHRON

7224 from the United States of America, respectively. The low-

noise filter used on the Rx was SR650 from Stanford Research

Systems, United States of America, and the preamplifier was HSA

4014 from NF, Japan. The final analog-to-digital converter (ADC)

used was a USB-6351 from NI, USA. On the PC, the software

used to read, record, and analyze the data was LabView from NI

and MATLAB from MathWorks, USA. A schematic of the device

is shown in Fig. 4. 

3.2 Scanner Calibration

In contrast to conventional MPI scanners, the presence of cores

in the AEMC of the OMPI scanner interferes with the MNPs

signal, and the OMPS with an open structure improves the

efficacy of the cores. Fig. 5 (a) shows the results when the MNPs

were localized without any filtering operation. It can be seen that

the signal of MNPs is completely masked by the interference

signal. To eliminate interference from the cores, we added a

scanning step for background interference before tracking the

MNPs. First, when there are no MNPs, the FFP is scanned by the

specified path, and the signal from the received coil is recorded as

background interference data (as shown in Fig. 5 (b). Later, when

MNPs were present, the same scanning was performed, and the

background interference data were subtracted from the scanned

data. Fig. 5 (c) shows the tracking results for the MNPs after

eliminating background interference. Evidently, the removal of

background interference has a significant influence on tracking

results. 

3.3 Three-dimensional Localization Performance

The container held 100 µL of undiluted resovist (~5.58 mg of

Fe), and the positioning jig was employed to secure it. The height

of the cylindrical container into which the MNPs were placed was

Fig. 4. (a) OMPI scanning system. (b) Function generator and power

amplifier. (c) Low-noise filter, amplifier, and ADC. (d) The

LabView interface on PC. (e) cooling system. (f) DC power

supply.

Fig. 5. Scanning image of MNPs placed at (0, 0, -5). (a) Before

filtering, (b) Background noise, (c) After filtering.
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4 mm, and the diameter of the bottom circle was 6 mm. The

positioning jig was divided into a support table (32 × 32 mm2) that

can fix the container at 2 mm intervals in the x- and y-directions

and several gaskets that change the height of the support table, and

the z-direction can be adjusted by changing the height of the

support table. 

We used this approach and placed MNPs at different locations

for the tracking tests. Fig. 6 (a-c) show the real positions of the

samples in three dimensions, named P1 (-8 mm, 4 mm, -6 mm),

P2 (6 mm, -6 mm,4 mm), and P3 (8 mm, 8 mm, 12 mm). Fig. 6

(d-f) show the results of global tracking and local tracking for

samples P1-P3. In this case, we performed a threshold process on

the resulting data to remove the data below the median value from

the original data. This process enhances the visualization of the

results. If we take the position information corresponding to the

maximum signal value of the local tracking result as the position

tracking result, then the position tracking results of Fig. 6 (d-f) are

t1: (-9 mm, 3 mm, -7 mm), t2: (6 mm, -6 mm,3 mm), t3: (7 mm,

9 mm, 11 mm), respectively. The root-mean-square errors along

the x, y, and z axes for these three positions were 0.82 mm,

0.82 mm, 1 mm, and the standard deviations of the errors were

0.58 mm, 1 mm, and 0 mm, respectively. 

4. DISCUSSIONS AND CONCLUSIONS

In this study, the proposed OMPI technique successfully

demonstrated the feasibility of constructing open-type MPI

systems using AEMC and OMPS. The accuracy of the OMPI

scanner was validated through in vitro experiments. The

anisotropic structure was used in combination with an iron core

coil to improve the efficiency of generating the gradient magnetic

field of the FFP, which resulted in a low power consumption of

the entire OMPI system of 0.22 kW. Our scanner's sensitivity (278

μg Fe) is significantly lower than that of single-sided MPI (112 μg

Fe) [24], as well as the closed-bore AM MPI (5 μg Fe) [21] and

open-sided MPI (5.5 μg Fe) [23]. This disparity arises primarily

from the pronounced effect of anisotropic coil noise, such as

interference from the iron cores, in the open structural design.

Enhancing the sensitivity is critical for OMPI scanners because of

its direct impact on the penetration depth. The open design of the

system rendered it particularly susceptible to interference from the

AEMC cores. Although this study effectively visualized the MNP

signals by mitigating background interference, the sensitivity

remained inadequate for detecting highly diluted MNPs.

Addressing this issue requires placing the elimination coil in the

same environment as the excitation coil. Furthermore, signal

improvement can be achieved by optimizing the coil design and

employing a band-stop filter to retain the higher harmonics that

are critical for imaging. In future studies, performance

optimizations such as reducing the scanning time, increasing the

sensitivity, and improving the accuracy are required to make the

system more practical. We also aim to apply the OMPI scanner to

various scenarios and focus on developing it for specific medical

applications.
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