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 Abstract— We propose a magnetic particle imaging (MPI) 

scanner using an optically pumped magnetometer (OPM) that is 

connected via a flux transformer. The OPM has high sensitivity, 

but it cannot operate in the excitation magnetic field used to 

magnetize the magnetic nanoparticles because of its narrow 

dynamic range. As a result, a flux transformer is used in this work 

to overcome the problem. Furthermore, the excitation current 

amplitude was maintained at a constant level using real-time 

feedback control and wavelet denoising was used to reduce the 

measurement noise. The results demonstrate that the position of a 

100 μg-Fe Resovist magnetic nanoparticle sample can be estimated 

successfully via an inverse problem analysis approach to within an 

error of 5 mm even when the sample is located at depths of 25–50 

mm from the pickup coil. 

 
Index Terms—Flux transformer, inverse problem, magnetic 

nanoparticle, magnetic particle imaging, optically pumped 

magnetometer 

 

I. INTRODUCTION 

IOSENSING using magnetic markers in the form of 

bio-functionalized magnetic nanoparticles (MNPs) has 

been studied widely for biomedical applications with 

examples that include detection of biological targets, target 

purification, hyperthermia therapy, and drug delivery [1],[2]. 

One particular application of magnetic markers is magnetic 

particle imaging (MPI), which is highly suitable for clinical 

applications, such as angiography, cancer imaging, and 

inflammation imaging, and also for research applications 

including stem cell imaging and small animal imaging [3]-[5].  

MPI uses the nonlinearity of the magnetization curves of the 

MNPs in combination with the fact that the MNPs saturate a 

specific magnetic field strength. If an AC magnetic field with a 

frequency 𝑓1 and a sufficiently high amplitude is applied, the 

magnetic material will then exhibit a magnetization that 

contains not only the drive frequency 𝑓1  but also a series of 

harmonic frequencies. These higher frequencies can be 

separated from the received signal easily through appropriate 
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filtering. If the magnetic particles are also exposed to a DC 

magnetic field with a sufficiently large magnitude, the MNPs 

will saturate and generation of the harmonics is suppressed. 

Therefore, tomographic images can be generated by steering the 

point at which the DC magnetic field reaches zero, which is 

called the field-free point (FFP), when passing through the 

volume of interest [3],[4]. 

However, several problems must be resolved before an MPI 

scanner can be applied to the human body. First, it is difficult 

to generate a gradient magnetic field for FFPs (generally 1–2 

T/m) that is strong enough to obtain an image [3],[4]. Second, 

patient safety regulations with regard to exposure to high-power 

and high-frequency electromagnetic fields must be also 

followed [6],[7]. 

To overcome these problems, several research groups have 

reported use of low-power and low-frequency MPI. Generally, 

the magnetic field from the MNPs is detected using a receiver 

coil. However, because the induced voltage is proportional to 

the frequency in accordance with Faraday’s law, the voltage 

output by the receiver coil decreases at low frequencies. 

Therefore, high sensitivity magnetic sensors such as 

magnetoresistive (MR) sensors must be used [8]. 

In addition to MR devices, the optically pumped 

magnetometer (OPM) is another magnetic sensor that can 

measure low-frequency magnetic fields with high sensitivity 

(Theoretically the sensitivity limit is on the order of 0.01 fT 

/√Hz) [9],[10]. An OPM has a sensitivity that is theoretically 

comparable to or exceeds that of an MR sensor (The sensitivity 

limit is on the order of 1 pT /√Hz) [11] and a superconducting 

quantum interference device (SQUID) (The sensitivity limit is 

on the order of fT /√Hz) [12], and it is thus promising as a high-

sensitivity magnetic sensor. Furthermore, an OPM does not 

require use of a refrigerant such as liquid helium, which would 

be required for a SQUID. In contrast, the disadvantage of OPM 

is its small dynamic range and the difficulty involved in using 

it directly in general MPI. Several research groups have 

reported MNP imaging methods using OPM that take these 

disadvantages into account. Colombo et al. proposed a 1D MPI 

S. Taue is with the School of System Engineering, Kochi University of 
Technology, Kochi 782-8502, Japan. 

T. Yoshida is with the Department of Electrical and Electronic Engineering, 

Kyushu University, Fukuoka 819-0395, Japan. 
Color versions of one or more of the figures in this article are available 

online at http://???????? 

Digital Object Identifier ???????? 

B 



2 

#1570976203 

susceptometer (MPIS) that uses a high-sensitivity OPM to 

record the spatial distribution of the fluid-suspended MNPs 

[13]. Although this approach achieved both high spatial 

resolution (approximately 2.5 mm) and high sensitivity (2 

pT/√Hz.), it also has the problem of a very narrow field of view 

(spanning approximately 40 mm) because of its use of coils to 

generate the gradient magnetic field. Jaufenthaler et al. 

proposed a 3D MPI method that used OPM through 

magnetorelaxometry imaging (MRXI) [14], [15]. MRXI uses 

magnetic field pulses within the mT range to acquire the MNP 

relaxation signal, rather than an AC magnetic field and a 

gradient field. Although MRXI was used successfully to 

reconstruct a human head sized phantom filled with 

immobilized MNP samples with a clinically relevant iron 

amount (the MNP sample size was 12×12×12 mm3 and the 

density was approximately 3.7 mg-Fe/cm3 = 3.7 μg-Fe/μl, i.e., 

6.4 mg-Fe), the disadvantages of the method are that MRXI 

requires a magnetically shielded room because of the small 

dynamic range of the OPM module and the measurement time 

required to image the MNP samples is also rather long 

(approximately 6 minutes). Therefore, OPM-MPI is desirable 

for 3D position estimation of MNPs with high temporal 

resolution and without use of a magnetically shielded room. 

As a preliminary experiment, we developed an AC 

susceptometer with an OPM and a flux transformer [16]-[18] 

and detected magnetic fields from MNPs successfully without 

a magnetically shielded room [19]. Based on our findings from 

the study, we then proposed an OPM-MPI scanner that is 

connected via a flux transformer to operate under a low-

frequency excitation magnetic field [20]. In this paper, the 

original method is improved by performing feedback control of 

the excitation current and the bridge balance to enhance the 

signal acquired from the MNPs. Furthermore, denoising was 

also performed to enhance the position estimation accuracy. 

(a) 

(b) 

Fig. 1. Experimental setup used for OPM-MPI. (a) Schematic diagram and (b) photograph. 
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II. MATERIALS AND METHODS 

A. Overview of Experimental Setup 

Fig. 1 shows an overview of the developed OPM-MPI system.  

A function generator (WF1948, NF Corp., Japan) was used to 

generate a sinusoidal wave. A bipolar amplifier (BP4610, NF 

Corp., Japan) then amplified the signal and used it to excite the 

Helmholtz coil, which was used in our previous MPI scanner  

[21]. The diameter of this Helmholtz coil was 300 mm and the 

distance between the two coils was 300 mm. The number of 

turns in each coil was set at 50. The Helmholtz coil generated a 

magnetic field along the y-axis. The MNP samples were 

magnetized using an excitation field and differential pickup coil 

was used to detect the magnetic field generated by the MNP 

samples in the z-axis direction. 

The pickup coil voltage was amplified using a flux 

transformer that contained a pickup coil, an input coil, and an 

OPM (Zero-Field Magnetometer (QZFM) Gen-3, QuSpin 

Corp., Inc., CO, USA) that has also been used in studies by 

other researchers [15]. The noise level of the OPM module was 

less than 15 fT/√Hz. The excitation and pickup coils were 

oriented in the y- and z-axis directions, respectively, to ensure 

that the excitation field and the detection direction of the pickup 

coil were orthogonal. 

The amplitude and phase of the sine wave were adjusted to be 

within the range measured by the OPM. The differential voltage 

between the voltage from the differential pickup coil (𝑣p(𝑡)) 

and that generated using the function generator (𝑣c(𝑡)) was 

amplified using a flux transformer. A shunt resistance (HF020, 

Newtons 4th Ltd., UK) was then used to obtain the excitation 

current 𝑖ex(𝑡). Finally, the output voltage from the OPM 𝑣o(𝑡) 

and the voltage across the shunt resistance 𝑣s(𝑡) , were 

measured using an oscilloscope module with 24-bit resolution 

(PXI-5922, National Instruments (NI) Corp., TX, USA).  

Although the amplitude of the output voltage from the bipolar 

amplifier remained fixed, the amplitude of 𝑖ex(𝑡) varied with 

the resistance changes that is occurred because of the coil 

temperature change caused by Joule heating. Therefore, in the 

previous study [20], the excitation current amplitude was set to 

20 App (= 10 Apeak) to ensure that it did not exceed the allowable 

output range. In this paper, the excitation current amplitude was 

maintained constant value via real time feedback control using 

LabVIEW (NI Corp.), which adjusted the amplitude of the 

output voltage based on the measured current amplitude. 

Feedback control was performed using a proportional control 

approach as follows: 

𝑉DA1 ← {1 + 𝐾P(𝐼target − 𝐼ex)}𝑉DA1  (1) 

where 𝐾Pis the proportional gain, 𝑉DA1 is the output voltage of 

the digital-to-analog converter (DAC, CH 1), 𝐼target  is the 

target excitation current amplitude value, and 𝐼ex  is the 

measured excitation current amplitude. The excitation current 

amplitude was set at 30 App (= 15 Apeak). Under these 

conditions, the magnetic field intensity at the center of the 

Helmholtz coil was 1.8 mTpeak.  

Based on the known frequency characteristics [19] and to 

avoid interference from the power line (fundamental frequency 

of 60 Hz and its harmonics (120 Hz, 180 Hz,…)), the frequency 

𝑓1 was set at 90 Hz. 

B. Flux Transformer 

In accordance with our previous study [19], a flux transformer 

was used in the proposed setup. The OPM module can only 

operate under an ambient magnetic field of less than 50 nT. 

Therefore, the OPM module was arranged within a triple 

magnetic shield box composed of permalloy. The measurement 

with the OPM module indicated that the residual DC magnetic 

field including geomagnetic field was less than 50 nT (typically 

30-40 nT).  

The magnetic fields from the MNPs were detected using a 

Fig. 2. Electric circuit for the flux transformer part. 

Fig. 3. Relationship between the input voltage from the bridge circuit 

and the output voltage from the OPM when the excitation current is 
zero. (a) Fundamental and (b) 3rd harmonic components. 
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pickup coil. This pickup coil is a differential coil that suppresses 

the magnetic noise from a distance. The upper and lower coils 

in the pickup coil were identical, and the length, the internal 

diameter, the external diameter, and the number of turns of each 

coil were 4 mm, 24 mm, 36 mm, and 200, respectively. The 

distance between the two coils was 24 mm. The resistance and 

the inductance of the pickup coil, denoted by 𝑅𝐿p
 and 𝐿p, were 

8.8 Ω and 2.8 mH, respectively.  

Fig. 2 depicts the electrical circuit of the flux transformer. 

Ideally, the mutual inductance between the excitation and 

pickup coils is zero because the excitation field direction and 

the detection direction of the pickup coil are orthogonal. 

However, the magnetic flux was slightly chained because of 

mechanical accuracy limitations. Therefore, the fundamental 

component was removed using an electronic bridge circuit that 

comprised the output from a function generator and a voltage 

divider circuit (𝑅1 and 𝑅2). The amplitude and the phase of the 

sinusoidal wave output from the function generator were 

adjusted to balance the bridge circuit. The dividing circuit with 

components 𝑅1 (= 1 kΩ) and 𝑅2 (= 10 mΩ) was then used to 

generate a small voltage and suppress the noise from the 

function generator. 

The OPM was set at the center of the input coil. The length, 

the internal diameter, the external diameter, and the number of 

turns of the input coil were 4 mm, 24 mm, 36 mm, and 200, 

respectively. The resistance and the inductance of the pickup 

coil, 𝑅𝐿I
 and 𝐿I , were 4.7 Ω and 1.6 mH, respectively. The 

magnetic flux density at the OPM can be expressed as 𝑏i(𝑡) =
𝑘𝑖i(𝑡) , where 𝑏i(𝑡)  and 𝑖i(𝑡)  represent the magnetic flux 

densities generated by the input coil and the input coil current, 

respectively. The proportionality constant 𝑘 can be calculated 

via numerical analysis to be 𝑘 = 8.67 nT/μA.  

It should be noted that the thermal noise of 𝑅𝐿I
, 𝑅𝐿p

, and 𝑅2 

affect the detection sensitivity. Therefore, thicker polyurethane 

enameled copper wire (𝜙0.315 mm) is used for the pickup and 

input coils of the flux transformer to ensure low resistance, and 

the 𝑅2, which is used in the voltage divider circuit, is selected 

to be as small as possible. 

Fig. 3 illustrates the relationship between the input voltage 

from the bridge circuit ( 𝑣c(𝑡), �̇�c
(𝑛)

) and the OPM output 

voltage (𝑣o(𝑡), �̇�o
(𝑛)

) when �̇�p
(𝑛)

= 0, where the dot above the 

variable ( ̇ ) denotes a phasor, and the superscripted letter (𝑛) 

indicates the order of the harmonics. 

In a previous study [20], the bridge balance was adjusted 

manually and the analog output gain of the OPM was set at 0.90 

V/nT to be within the dynamic range of the oscilloscope module 

( ±5  V). In this study, the bridge balance was adjusted 

automatically using LabVIEW, and the gain was increased to 

2.70 V/nT (default value). 

As Fig. 3 shows, the output voltage is proportional to the input 

voltage. The ratios, 𝛼(1) = −�̇�o
(1)

/�̇�c
(1)

 and 𝛼(3) = −�̇�o
(3)

/�̇�c
(3)

 

have values of 1.74 × 106  (V/V) and  1.36 × 106  (V/V), 

respectively, where 𝛼(𝑛) indicates the ratio when the frequency 

of �̇�c
(𝑛)

 is 𝑛𝑓1 . As these values show, 𝛼(3) is slightly smaller 

than 𝛼(1), and thus the ratios of the real and imaginary parts are 

different in the fundamental and third harmonics; this 

corresponds to the frequency response of the OPM [17]. 

If �̇�p
(𝑛)

 is fixed and �̇�c
(𝑛)

 changes by ∆�̇�c
(𝑛)

, then the input 

current change ∆𝐼İ can be written as 

∆𝐼i̇
(𝑛)

=
−∆�̇�c

(𝑛)
− ∆�̇�i

(𝑛)

𝑅𝐿p
+ 𝑅𝐿i

+ j𝜔(𝐿p + 𝐿i)
  (2) 

If �̇�c is fixed and �̇�p
(𝑛)

 changes by ∆�̇�p
(𝑛)

, then ∆𝐼i̇ can be 

written as 

∆𝐼i̇
(𝑛)

=
∆�̇�p

(𝑛)
− ∆�̇�i

(𝑛)

𝑅𝐿p
+ 𝑅𝐿i

+ j𝜔(𝐿p + 𝐿i) + 𝑅1//𝑅2

  (3) 

where 𝜔 denotes the angular frequency. If 𝑅2 ≪ |𝑅𝐿p
+ 𝑅𝐿i

+

j𝜔(𝐿p + 𝐿i)| , then the relationship ∆�̇�c
(𝑛)

= −∆�̇�p
(𝑛)

 is 

obtained using (2) and (3). The ratio of ∆�̇�o
(𝑛)

 to ∆�̇�p
(𝑛)

, which 

corresponds to the detection sensitivity of the MNP sample, can 

then be obtained as follows: 

∆�̇�o
(𝑛)

∆�̇�p
(𝑛)

≅
∆�̇�o

(𝑛)

∆�̇�c
(𝑛)

∙
∆�̇�c

(𝑛)

∆�̇�p
(𝑛)

= −𝛼(𝑛) ∙ (−1) = 𝛼(𝑛) (4) 

Here, the signal attenuation by the flux transformer is 

evaluated. Assuming that a magnetic flux of 1 nT, 90 Hz is 

chained to the pickup coil, we obtain |�̇�p
(1)

| = 79.9 nV from 

Faraday's law of electromagnetic induction. Using the value of 

𝛼(1) , we obtain |�̇�o
(1)

| = 0.139  V. Considering that the 

sensitivity of the OPM is 2.70 nT/V, OPM detects 0.376 nT. 

This indicates that the attenuation rate of the signal is only 

approximately 1/3 even through the flux transformer. Note that 

there remains the possibility to improve the attenuation rate by 

optimizing the flux transformer, e.g., the input coil is wound 

more closely to the OPM. 

C. Point Spread Function 

Resovist (Fujifilm RI Pharma, Japan) was used to form the 

MNP samples. The Resovist was poured into a cylindrical cell 

to realize the desired Fe concentration and was then diluted with 

glycerol to obtain 150 µL. Two MNP sample concentrations 

were prepared: 100 μg-Fe (0.66 μg-Fe/μl) and 500 μg-Fe (3.33 

μg-Fe/μl). Each MNP sample type was prepared in a cylindrical 

container (ϕ6 mm× 5 mm). Each MNP sample was moved at 5 

mm/s using a motorized stage (SGSP26-200 and SGSP26-150, 

Sigma Koki) that was controlled by a motorized stage controller 

(SHOT-304GS, Sigma Koki). The third harmonic of 𝑣o(𝑡) was 

obtained using a fast Fourier transform, and a point spread 

function was then obtained. The sampling resolution on the xy 

plane was set at 5 mm × 5 mm. The distance between the MNP 

sample and the pickup coil was set at various values within the 

range from 25–50 mm at intervals of 5 mm, i.e., z was set to be 

within the range from −25 to −50 mm.  

D. Position Estimation of Magnetic Nanoparticle 

The harmonic voltage vector 𝒗, is expressed as [3], [21] 

 
𝒗 = 𝑨𝒄 (5) 
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where 𝒗  denotes the third-harmonic voltage vector, 𝑨 

represents the system matrix, and 𝒄  represents the 

concentration vector, with components that are determined 

using the concentration at position 𝒓. The expression in (5) is 

often described as a forward problem. The system matrix 𝑨 can 

be generated using a point spread function. 

Several methods can be used to solve (5), which is an inverse 

problem. In accordance with the approach used in previous 

studies, a minimum variance spatial filter (MV-SF) [22], [23] 

was applied. The power of the spatial filter output 𝑃(𝒓), which 

corresponds to the concentration map 𝒄, is estimated using the 

MV-SF with array gain constraint as follows: 

 
�̂�(𝒓) = 𝒘𝑇(𝒓)𝑪𝒘(𝒓) (6) 

 
subject to 𝒘(𝒓)𝑇𝒂(𝒓) = ‖𝒂(𝒓)‖ (7) 

where the hat ( ̂ ) indicates estimated quantities, 𝑪 represents 

the covariance matrix of 𝒗(𝑡), and 𝒂(𝒓)  represents the column 

vector of 𝑨. Tikhonov regularization is then used to calculate 

𝑪−𝟏  as (𝑪 + 𝜆𝑰)−1
, where 𝑰  represents a unit matrix and 𝜆 

represents a regularization parameter.  

The system matrix 𝑨 can be obtained either numerically or 

experimentally. In this study, the system matrix 𝑨  was 

generated using the point spread function that was obtained by 

scanning the 500 μg-Fe sample. 

E. Denoising 

The system matrix 𝑨 contains noise in its measured values 

caused by the thermal noise from the flux transformer  and other 

noise sources, e.g., external magnetic noise. To reduce this 

noise, a built-in function in MATLAB R2024a (Mathworks, 

Inc., MA, USA), wdenoise2, which denoises images using 

wavelets [24], was applied. 

III. RESULTS AND DISCUSSION 

A. Point Spread Function 

Fig. 4 show the results for the point spread function, i.e., 

these figures present the field maps of the imaginary part of the 

third harmonic component when the 500 and 100 μg-Fe 

samples are located, respectively. The amplitude of the signal 

in Fig. 4 is approximately 5 times stronger than that in the 

previous study [19] due to the improvement of excitation 

current and the analog output gain of the OPM module (from 

20 

App to 30 App and from 0.90 V/nT to 2.70 V/nT, respectively) 

by the feedback control. 

As depicted in Fig. 4(a)-(f), the signal is maximal for positive 

y values, whereas the signal becomes minimal for negative y 

values. This behavior occurs because the magnetization 

direction is the y-axis direction. The signal becomes weaker and 

the distribution broadens as the distance between the pickup 

coil and the MNP sample increases.  

Comparison of Fig. 4(a)-(f) and Fig. 4(g)-(l) shows that the 

signal is greater in the more dense case (Fig. 4(a)-(f)) than in 

the less dense case (Fig. 4(g)-(l)). Nevertheless, the signal from 

the MNPs was observed under all conditions. Even in the case 

where the 100 μg-Fe sample was located at 𝑧 = −50 mm, the 

peak value still exceeded 4.00 mVpeak.  

B. Performance of the Feedback Control Method and Noise 

Level 

To evaluate the performance of the feedback control approach 

for the excitation current and the noise level signal, field maps 

Fig. 5. Field maps of the imaginary part of the third harmonic 

component measured when no sample is present, (a) without feedback 
control and (b) with feedback control. 

Fig. 6. Excitation current maps measured when no sample is present, 

(a) without feedback control and (b) with feedback control. 

Fig. 4. Field maps of the imaginary part of the third harmonic component when (a)-(f) the 500 μg-Fe sample and (g)-(l) the 100 μg-Fe 

sample are located. The parameter z has values of (a), (g) −25, (b), (h) −30, (c), (i) −35, (d), (j) −40, (e), (k) −45, and (f), (l) −50 mm. 
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of the imaginary part of the third harmonic component were 

also measured when no sample was present. Figs. 5 and 6 show 

the field maps of the imaginary part of the third harmonic 

component and the corresponding excitation current maps, 

respectively, when no sample is located without and with 

feedback control. As shown in Fig. 6(a), the maximum 

excitation current error is approximately 100 mA without 

feedback control. In contrast, as shown in Fig. 6(b), the 

maximum excitation coil current error is less than 10 mA with 

feedback control. Comparison of Fig. 5 and Fig. 6 shows that 

the significant changes observed in the excitation current also 

affect the field maps of the third harmonic. Furthermore, 

because the variation in the excitation current also affects the 

variation in the fundamental wave, it was necessary to reduce 

the analog output gain of the OPM module from the previous 

study (0.90 V/nT) [19] to ensure that it would not exceed the 

measurement range of the OPM module without use of 

feedback control. Therefore, feedback control of the excitation 

current is effective when used in high-sensitivity measurements. 

The standard deviation (SD) of the noise shown in Fig. 5(b) 

is 0.770 mVpeak. The peak value exceeds 3SD (which is 

statistically significant); therefore, it was concluded that the 

magnetic signal from the 100 μg-Fe sample when located at 𝑧 =
−50 mm can be detected using the OPM-MPI scanner. 

According to the nominal values given by manufacturer, the 

OPM module’s noise level is less than 15 fT/√Hz. In this study, 

the analog output gain of the OPM was set at 2.70 V/nT. 

Therefore, the output noise from the OPM corresponds to a 

value of 40.5 μV/√Hz. Considering the value of 𝛼(1), the input 

voltage noise is 10 pV/√Hz, which is two orders of magnitude 

less than the input voltage noise of a low-noise amplifier 

(typically 1 nV/√Hz). In contrast, the output noise from the 

OPM caused by 𝑅𝐿p
, 𝑅𝐿i

, 𝑅1, and 𝑅2 can be estimated to be 

 
𝛼(3)√4𝑘B𝑇𝑅total (8) 

where 𝑘B is Boltzmann’s constant (1.38 × 10−23 J/K), 𝑇 is the 

absolute temperature of the resistance, and 𝑅total = 𝑅𝐿p
+

𝑅𝐿i
+ 𝑅1//𝑅2 = 13.5 Ω. If we assume that 𝑇 = 300 K, then 

the output noise becomes 0.643 mV/√Hz.  Therefore, the noise 

observed in Fig. 6(b) is primarily caused by the thermal noise 

of the flux transformer. In future work, we intend to reduce the 

resistance values of the pickup and input coils by tuning the 

sizes of these coils, using thicker coil wire, and cooling the coils 

[17]. 

C. Inverse Problem 

Fig. 7 shows the maps that were reconstructed using (6) when 

the 100 μg-Fe MNP sample was located at (xs, ys, zs), where xs 

= 0 mm, ys = 0 mm, and zs = −25, −30, …, −50 mm. The results 

obtained indicate that the distance between the signal peak 

position and the actual sample position, i.e., the estimation 

error, is less than or equal to 5 mm, even though the estimated 

signal strength distribution broadens as zs decreases, and the 

estimation performance is considered to be sufficiently 

accurate. 

D. Point Spread Function after Denoising 

Fig. 8 show the results obtained for the point spread function, 

i.e., the field maps of the imaginary part of the third harmonic 

component when the 500 and 100 μg-Fe samples are located, 

respectively. When compared with the results shown in Fig. 4, 

the noise has effectively been eliminated, particularly in the 

cases where the signal becomes weaker as the depth increases. 

Fig. 7.  Maps reconstructed using the MV-SF method when the 100 µg-Fe MNP sample is located. 
The actual MNP sample positions are given by x

s
 = 0 mm, y

s
 = 0 mm, and z

s
 values of (a) −25, (b) −30, (c) −35, (d) −40, (e) −45, and (f) −50 mm. 
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E. Inverse Problem using Denoised Data 

Fig. 9 shows the maps that were reconstructed using (6) when 

the 100 μg-Fe MNP sample was located at (xs, ys, zs), where xs 

= 0 mm, ys = 0 mm, and zs = −25, −30, …, −50 mm after 

denoising. When compared with the results shown in Fig. 7, the 

estimated signal spread is narrower. Moreover, the position 

estimation error decreases over the range from 5 mm to 0 mm 

at zs = −45 mm. The results above indicate that denoising of the 

system matrix improves the position estimation accuracy. 

In contrast, the position estimation error recorded at zs = −50 

mm is still 5 mm, even after denoising. To improve the accuracy 

in this case, we intend to optimize the specifications of the 

excitation, pickup, and input coils to enhance the magnetic 

signal obtained from the MNPs. Furthermore, we also intend to 

reduce the noise of the point spread function. In addition to 

examination of other image denoising methods as alternatives 

to wavelet analysis, we will also examine the magnetic field 

distributions of the MNPs by using experimental values for the 

magnetic susceptibility of the MNPs and a system matrix 

obtained from electromagnetic field analysis simulations [25]. 

IV. CONCLUSION 

In this study, we developed an MPI scanner using an OPM 

connected via a flux transformer in a low-frequency excitation 

magnetic field. The excitation current amplitude was 

maintained at a constant value using real time feedback control, 

which contributed to the scanner’s increased sensitivity. The 

magnetic signal from a 100 μg-Fe Resovist MNP sample was 

detected successfully even when the MNP sample was located 

at depths of 25–50 mm from the pickup coil at an excitation 

frequency of 90 Hz. 

A 500 μg-Fe Resovist MNP sample was scanned to obtain the 

system matrix. The 100 μg-Fe Resovist MNP sample’s position 

was estimated via inverse problem analysis. Consequently, the 

sample position was estimated to within an error of 5 mm. 

Fig. 8. Field maps of the imaginary part of the third harmonic component after denoising when (a)-(f) the 500 μg-Fe sample and (g)-(l) the 100 μg-

Fe sample are located. The parameter z has values of (a), (g) −25, (b), (h) −30, (c), (i) −35, (d), (j) −40, (e), (k) −45, and (f), (l) −50 mm. 

Fig. 9. Maps reconstructed using the MV-SF method when the 100 µg-Fe MNP sample is located after denoising. 

The actual MNP sample positions are given by x
s
 = 0 mm, y

s
 = 0 mm, and z

s
 values of (a) −25, (b) −30, (c) −35, (d) −40, (e) −45, and (f) −50 mm. 
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Furthermore, we also demonstrated that wavelet denoising 

improved the estimation accuracy. 

In this study, only one axis component in a single OPM 

module was used. In the future, we will construct a more 

sensitive and accurate multi-channel MPI while considering the 

effects of crosstalk noise. 
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