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Abstract— Magnetic particle imaging (MPI) is a burgeoning
imaging modality that facilitates the reconstruction of position
and concentration of superparamagnetic iron oxide nanoparti-
cles. Its potential in clinical applications is substantial, leading
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to an increasing demand for larger bore sizes in MPI systems.
However, the challenge lies in maintaining high resolution, sensi-
tivity, and real-time imaging advantages in larger systems. In this
article, we present the design of a 3-D MPI system tailored for
nonhuman primates (NHP-MPI) with a bore size of 190 mm. The
application of a 3-D digital-scanned focus field is applied to obtain
highly sensitive imaging, and the system operates cooling-free
under low gradient conditions. In imaging experiments involving
a macaque’s brain, our system demonstrated good quantitative
performance. The 3-D MPI image yielded satisfactory results for
fusion with other structural imaging modalities.

Index Terms— Digital scanned, focus field, magnetic particle
imaging (MPI), nonhuman primate (NHP).

I. INTRODUCTION

AGNETIC particle imaging (MPI) stands out as a novel

imaging method capable of mapping the concentration
distribution of superparamagnetic iron oxide nanoparticles
(SPIOs) [1]. This noninvasive technique has advantages of
real-time imaging, high sensitivity, and high spatial resolution,
making it invaluable in applications, such as cell tracking,
tumor detection, and perfusion imaging [2], [3], [4], [5],
[6]. Quantification is a particular strength of MPI, given its
high sensitivity as an imaging modality [7], [8]. Accurate
reconstruction of SPIO distribution opens doors to diverse
applications, including bleeding detection [9] and plaque iden-
tification [10].

In the development of MPI technique, different systems
exploited the different advantages of MPIL. Gleich et al.
[11] utilized Lissajous trajectory to achieve 2-D real-time
imaging, obtaining a frame rate of 25 frames/s. Then, the
same team achieved 3-D real-time in vivo imaging [12], at a
temporal resolution of 21.5 ms for a field of view (FOV) of
20.4 x 12 x 16.8 mm?>. Besides, the high sensitivity of MPI
method was proved by Graeser et al. [13], using a gradiometric
receive coil, capable of detecting down to 5 ngg.. In addition,
with pulsed excitation, submillimeter spatial resolution was
achieved based on X-space [14] and system matrix [15]
reconstruction method.

As mentioned above, the majority of equipment has been
tailored to the mouse/rat scale [12], [16], [17], [18], [19],
[20], exemplified by commercially available systems such
as Magnetic Insight’s (Alameda, CA, USA) [21]. Recently,
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efforts have been directed toward upscaling MPI systems. The
Preclinical Bruker MPI system [21], applicable for mice- to
rabbit-scale imaging, sports a 120-mm bore size and can cover
an FOV of 56 x 56 x 56 mm’. In addition, Le et al. [22]
introduced a rabbit-scale system featuring a 90-mm bore size
and a 56 x 56 x 56 mm?® FOV at the maximum gradient
of 4 T/m/py. Achieving a temporal resolution of 1 frame/s for
2-D image and a spatial resolution of 7 mm, this system sets
a notable standard. The challenge in expanding MPI systems
lies in preserving their inherent advantages of high sensitivity,
resolution, and real-time imaging, without adding complexity
that might compromise system stability. To address this chal-
lenge for human-scaled MPI systems, various techniques have
been explored. The research group at Phillips pioneered the
development of the first human scanner. Then, a human-sized
system is also designed for brain applications [23]. Tailored
to fit an adult’s head, this system achieves a bore size ranging
from 19 to 25 cm, offering an FOV of 100 x 140 x 140 mm®.
The system can provide a detection limit of approximately
14.7 ngg,/mL and a spatial resolution of around 5 mm.
In addition, superconductor is utilized to generate a gradient
of 2.5 T/m/py for the system with a bore size of 200 mm,
showcasing the potential for human application of MPI [24].

The primary motivation behind the designed structure in our
study stems from the significant technical challenges encoun-
tered in developing NHP-sized MPI systems, particularly
the quadratic increase in power consumption associated with
electromagnetic coils. The human-brain-sized MPI scanner
addressed this issue by employing an electromagnet struc-
ture to generate a dynamic selection field [23], significantly
reducing system power consumption compared to pure electro-
magnetic coils. However, this structure exhibited limitations in
terms of FOV size and temporal resolution for 3-D imaging.
Furthermore, the presence of an iron core led to nonlinear
interferences, leading to increased shielding costs.

In this study, we engineered the first NHP-MPI designed
for applications involving primates [25]. Tailored to accom-
modate the size of primates’ brain, our system features a
substantial bore size of 190 mm, enabling a 3-D FOV of
120 x 120 x 120 mm?>. In the article, we conducted a
comprehensive performance evaluation of the system [26],
specifically in terms of sensitivity and spatial resolution. From
the experimental results, the limit of detection of our system is
approximately 19 pgg.. Also, we have proved the uniformity
of sensitivity over the FOV. Notably, our NHP-MPI demon-
strated good quantitative performance in imaging experiments,
indicating its capability for high-sensitivity imaging that meets
application requirements. Besides, our system achieved the
spatial resolution of 8, 16, and 8 mm in the (x, y, z) direction,
respectively.

The evaluation results of sensitivity and spatial resolution
lay the foundation for subsequent applications on primate
brain. To further validate the performance of our system,
we conducted imaging experiments of a macaque’ brain.
The experiments were carried out at three-month intervals
on a macaque, revealing that our system excels in effectively
conducting 3-D imaging of the NHP.
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TABLE I
PARAMETERS OF THE COILS IN OUR SYSTEM

Types Turns Total bC
yp inductance resistance
Drivecoll & = 70134 14smH 0280
compensation drive coil
Focus coils (y) 52%2 1.67 mH 0.30 Q
Focus coils (z) 1132x2 \ 3.65Q
Receive coil 16 42.66 pH 0.17Q
Compensatlpn receive )5 2231 uH 0310
coil
II. METHOD

Building on previous experiences, we designed a system
structure that combines permanent magnets with electromag-
netic coils. The permanent magnets efficiently generate the
selection field, thereby reducing the need for excessive current
and minimizing power consumption. Meanwhile, the electro-
magnetic coil component enables flexible driving of the FFP
for rapid 3-D scanning.

By integrating these two components, our design offers a
balance between power efficiency and imaging capabilities.
The permanent magnets provide a stable selection field, while
the electromagnetic coils provide the necessary flexibility for
precise and rapid scanning. This combination allows us to
overcome the limitations of previous approaches and develop
an NHP-MPI that is both power-efficient and capable of
performing 3-D imaging with a large FOV.

A. Coil Configuration

The coil configuration of the proposed 3-D NHP-MPI sys-
tem is illustrated in Fig. 1. From Fig. 1, the system comprises
six main components: permanent magnets, z-direction focus
coils, y-direction focus coils, drive coil, receive coil, and
compensation coils. The parameters of the coils are listed in
Table I.

The basic idea of the scanner design follows the classic
field-free point (FFP) MPI scanner scheme [1]. From Fig. 1(a),
the system incorporates two circular NdFeB permanent mag-
nets with opposite polarities symmetrically fixed to the upper
and lower sides of the FOV. Each circular permanent magnet
has an outer diameter of 200 mm, an inner diameter of
96 mm, and a height of 20 mm. This arrangement generates
a linear gradient magnetic field and an FFP, as depicted in
Fig. 1(b). The linear gradient magnetic field and FFP are
essential for the functioning of the system. In order to make
the FOV cover the whole brain of NHPs, we have adopted
the focused field approach [12]. To enable FFP movement
and scanning along the z-axis, a pair of Helmholtz coils is
employed to generate a focus field in the z-direction. From
Fig. 1(c), the y-direction focus coils adopt a saddle-shaped
structure, enhancing compactness and ensuring the production
of a uniform y-direction magnetic field that facilitates FFP
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Fig. 1. Coil topologies of the proposed MPI system. (a) Overall structure.
coils and y-focus coils. (d) Drive coil, receive coil, and compensation coils.

movement and scanning along the y-axis. Fig. 1(d) reveals
the drive and receive coils, which are presented as a pair
of coaxial solenoids along the x-direction. The drive coil
is responsible for generating an alternating magnetic field
to excite the dynamic magnetization response of particles.
Meanwhile, the receive coil generates a voltage signal through
electromagnetic induction. To mitigate direct feedthrough from
the drive field, additional compensation coils are implemented,
which are similar to the gradiometric coils [13]. These coils,
situated at a greater distance from the drive and receive coils,
include both transmit and receive coils. They work together to
generate a compensation signal with an amplitude equal to that
of the direct feedthrough signal but with a phase difference
of 180°. This compensation signal is utilized to cancel out
the direct feedthrough signal before the received signal enters
the preamplifier. The positioning of the compensation coils
at a farther distance helps to avoid magnetic field coupling.
In summary, the described coil configuration is a crucial
element of the NHP-MPI system, enabling precise control
of magnetic fields for imaging purposes while addressing
challenges, such as direct feedthrough and magnetic field
coupling.

B. Digital Scanning Method

In traditional methods, the focus field is often described as
a function of the FFP position, resulting in a bias field with
opposite polarity to the desired FFP position. Point-by-point
scanning is achieved by adjusting the amplitude of the bias
field. However, due to the time-consuming nature of magnetic
field switching, 3-D point-by-point scanning can be inefficient.
To address this, we adopt a line-by-line scanning sequence to
enhance the scanning speed. The working mechanism of the
scanning sequences is shown in Fig. 2.

By passing a triangular wave current with a specific
frequency through the y-direction coils, a linearly varying
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Fig. 2. Tllustration of the working mechanism of the proposed focus
field-based line-by-line scanning of our system.
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alternating magnetic field is generated. This design has simi-
larities to the scan sequences used previously in the Berkeley
scanner [18] and traveling-wave MPI [27], which causes the
FFP to swiftly move along the y-direction. While theoretically,
the x- and z-directions could also use alternating magnetic
fields to further enhance the scanning speed, it would neces-
sitate additional power, and the scanning trajectory density
would be compromised. The focus field utilized in this study
is represented as follows:

HF(t’ xFFP. ZFFP)

= —G.x"Fe, — Gylyrovltri(2n fyt)e, — G,z Ve,

ey

where xF® and zf™® represent the x- and z-coordinates

corresponding to the current position of FFP, respectively;
and G,, Gy, and G, represent the field gradient in (x,y, z)
directions, respectively. tri(2r fyt) is created as a triangular
wave function with frequency f, and —1 < i2n f,t) < 1,
and |ygoy| is the absolute value of the edge coordinates in the
y-direction of FOV. The one-way scan time is 1/(2f ) for a
single line. For example, if f, is set to 10 Hz, the shortest
time required to scan a line is 50 ms. Then, to achieve 2-D
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expansion and 3-D slice selection, stepwise focus fields are
applied along the z- and x-directions based on the desired
scanning step size. A more power-efficient alternative involves
using moving objects instead of biasing magnetic fields. In this
study, the x-direction expansion is accomplished by moving
the imaging bed, while the z-direction layer selection is
achieved using electromagnetic coils to generate a biasing
magnetic field. Therefore, for the sampling time ¢ € [0, T5]
of the ith scan line in the jth slice, the total magnetic field in
the FOV can be described as follows:

HPV(r,0) = HP (e, + H] (Ne, + G (x —x[)e,
+G.(z—2")e, 2)

where r = [x,y,z]T,TS is defined as the sampling
time of a single scan line, and alternating focus field
HyF(t) = —G,|yrov|tri(27 fy1) in the y-direction.

C. Imaging Method

Under excitation by an alternating magnetic field, MNPs
generate a dynamic magnetic response detected by a receive
coil to produce an induced voltage signal. The voltage signal
of the ith scan line within the jth slice can be expressed as

IM[H (r,1)] 0

o7 3)

u;j(t) = —MOPR/ c(r)
FOV

where 1o is the vacuum permeability, pR is the receive
coil sensitivity, c(r) is the particle concentration distribution,
and M is the magnetization. Due to the nonlinear response
characteristics of the MNPs, the voltage signal contains har-
monic components in addition to the fundamental frequency
component. Typically, these harmonic signals have a higher
spatial frequency, contributing to achieving high-resolution
imaging. In traditional methods, the voltage signal can be
directly Fourier-transformed to obtain the harmonic spectrum
in the frequency domain. However, this harmonic spectrum
generally represents the aggregation of harmonic signals from
all MNPs in the entire FOV and cannot be mapped to specific
spatial locations. To address this limitation, we adopt the
short-time Fourier transform (STFT) technique to process the
acquisition signals of each scan line, obtaining the harmonic
signals within each time window TV. The overall process is
described as follows:

f,+TV /2

wj(k, 1) = / iy (e g 1 e [0,75] @)
t,—TW /2

where u denotes the harmonic signal and k is the harmonic

order.

The time window of STFT divides the scan line into N
segments, 7, represents the center time of the nth segment, and
TS = NTY. A rectangular window function is utilized, and
symbol i denotes the imaginary unit, distinct from the index
i. Since the focus field in the y-direction changes linearly, the
displacement Ay of the FFP in the y-direction within each
time window is the same. By setting 7% small enough, Ay
can be restricted to a pixel size, and the central coordinate of
the nth displacement is defined as yfrt

n .
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Because of the line-by-line scanning sequence adopted in
this study, both 2-D scanning and 3-D scanning are employed
to process the line-scan signal. Based on the preset FFP motion
trajectory, the harmonic signal is mapped to the correspond-
ing spatial position. This process can be understood as the
x-space approach [28] that combines single harmonic signal
acquisition and mapping

(o2 ) = (k) (3)

where u; represents the kth harmonic signal in the image
domain, also known as the kth harmonic map.

The weighted sum of harmonics (WSH) is used for direct
imaging of the spatial distribution of MNPs. WSH offers
advantages, such as no complex calibration or computa-
tion requirements, providing balanced spatial resolution and
adjustable signal-to-noise ratio (SNR). The details of the
method can be found in previous work [29], and the imaging
formula is expressed as follows:

1(r™) = ZZKL welie(r'™F), keN, Ky =K, =21 (6)
where rffF = (xfTP, yIFP z?Fp) and wy denotes the weight of
the kth harmonic. K; and K indicate the lowest and highest
harmonic orders used, respectively, which are generally deter-
mined by the signal bandwidth. For example, the 3rd and 5th
harmonics are used in this study, i.e., K; =3 and Ky = 5. The
weight function based on the normalization of odd-harmonic
energy proposed in previous studies [29] balances spatial res-
olution and SNR but lacks particle concentration quantization.
An improvement is introduced by multiplying the 2-norm of
a lower order harmonic map

wy = (_l)k_l ||”ZK1_ (rFFP)”Z
@21 (PPl

where |||, represents the Euclidean norm. The symbol (—1)f~!
is attributed to the alternating negative and positive of the odd-
harmonic signal. Therefore, the mathematical expression from
signal to image is

keN 7)

. llis (r™ )12
0 =) T

III. SYSTEM DESIGN

The system coils are meticulously designed as a sealed-off
cylindrical structure, with a selected bore size of 190 mm
tailored for NHP-scale applications. The 3-D FOV is defined
as 120 x 120 x 120 mm?>. The selection field gradient is
set to (0.1, 0.1, —0.2) T/m/uo along the x-, y-, and z-axes,
respectively. Consequently, the system is anticipated to achieve
a spatial resolution of approximately 10 mm, aligning with
the requirements for primate-brain imaging applications [23].
The drive field is configured at 5 kHz with an amplitude
of 6 mT/up. Both the frequency and amplitude of the drive
field are meticulously chosen below the magneto-stimulation
threshold for peripheral nerve stimulation (PNS) in our NHP-
MPIL. In addition, the frequency of the focus field along the
y-direction is set at 10 Hz with an amplitude of 6 mT, allowing
the FFP to move within a range of 260 mm. To mitigate direct
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feedthrough signals from the drive field, we have incorporated
external compensation coils. These coils, along with transmit
and receive coils, generate a compensation signal with an
amplitude equal to that of the direct feedthrough signal but
with a phase difference of 180°. The external transmit/receive
coils are interconnected in series with the drive/receive coils.

Parameters of the coils and the resulting magnetic fields are
simulated using COMSOL Multiphysics software (COMSOL,
Stockholm, Sweden), while the physical structure is metic-
ulously engineered using CAD software (Solidworks, MA,
USA). The MPI system encompasses a preamplifier, a signal
transmission and data acquisition system with a digital-to-
analog converter (DAC) and an analog-to-digital converter
(ADC), power amplifiers, and a mechanical displacement
device (refer to Fig. 3). The maximum movement distance
of the mechanical displacement device [see Fig. 3(c)] in
the x-direction is 500 mm, which enables the bed to move
throughout the entire range of the receive coil. Also, the
minimum step width of the device is 0.1 mm, which is
sufficient for the imaging experiments.

All transmit coils are powered by the AE Techron
7548 power amplifiers (3.3 kW; AE Techron). The receive
coil and external compensation receive coil are wound in
opposite directions and connected in series to minimize direct
feedthrough signals from the drive field. Following this, they
are preamplified (SR560, SRS, Sunnyvale, CA, USA) before
digitization. The drive coil and compensation drive coil, con-
nected in series, are linked to the power amplifier with a
resonant frequency of 5 kHz.

The selection fields in three axial directions were measured
using a Gauss meter (FW Bell, Portland, USA). The measured
values were compared with simulation results (see Fig. 4).
In addition, based on the data in Fig. 4(a), field gradients were
calculated, as illustrated in Fig. 4(b).

From Fig. 4(a), the measured selected field is basically
consistent with the simulation values. Besides, from Fig. 4(b),
the gradient is not strictly linear and has deviations. The
nonuniformity of gradients may cause distortion in the recon-
structed image. In summary, we believed that the system
achieved a gradient of approximately 0.1 T/m/p in the
x- and y-axes and approximately —0.2 T/m/ug in the z-axis.

For signal transmission and data acquisition, NI PXIe-6374
from National Instruments (Austin, TX, USA) was employed,
operating at a sampling rate of 1.00 MS/s. System control, data
collection, processing, and image reconstruction were carried
out using LabVIEW (National Instruments) and MATLAB
software (MathWorks, Inc., Natick, MA, USA).

IV. EXPERIMENT SETUP
A. Phantom Experiments

The experimental setup is detailed in this section, utilizing
Synomag particles (Micromod GmbH, Germany) with a dex-
tran surface and an equivalent distribution of particle diameters
at 70 nm.

1) Sensitivity Analysis: A dilution series of Synomag par-
ticles was created with total volumes of 500 uL and an iron
mass ranging from [4.88, 312.5] ug, corresponding to Fe
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concentrations of [0.0098, 0.625] ug/uL. As a control, the
signal of 500-uL water was also collected. The dilution series
was created by continuously diluting twice from the original
solution. For the sensitivity experiment, the standard mode
of the system was employed, where G(x,y) = (0.1,0.1)
T/m/pg, fi =5 kHz, f, =10 Hz, fumpe =1 MS/s, and
the acquisition time for each image is 1 s. Based on the
PNS limits of human [30] and the related analysis of the
PNS limits [28], [31], also with the consideration of MRI
experiments on primates [32], we set the amplitudes of the
drive field (x-axis) and the focus field (y-axis) to 6 mT. Thus,
an FOV of 120 x 120 mm? was created. For reconstruction,
we averaged the signals (1 s) and interpolated the reconstructed
image to 120 x 120, with each pixel size of 1 mm.

2) Spatial Resolution Analysis: The spatial resolution of
NHP-MPI was designed to be better than 10 mm to pro-
vide sufficient image details for brain applications. Two
elongated phantoms containing Synomag at a concentration
of cpe = 10 mg/mL were designed to evaluate spatial
resolution. The distance between the two phantoms varied
from 6 to 24 mm (edge to edge), with the chamber size being
5 x 5 x 15 mm3. For the x- and y-axes, the phantoms were
placed at the center of the xy plane, while for the z-axis,
the phantoms were in the yz plane. The 2-D MPI imaging
sequences were collected.

In addition, we conducted an assessment of the point spread
function (PSF) of the system. Utilizing the dot phantom with a
size of 5 x 5 x 5 mm?, we employed a phantom considerably
smaller than the expected resolution of our system, allowing
it to be treated as a point source. For imaging, the phantom
was positioned at the center of the FOV in the xy plane and
a 2-D image was recorded.

For the spatial resolution experiment, a high-resolution
mode was employed. By introducing two opposing direct
current into the z-direction focus coils, the gradient strength
of the selection field was increased to (0.3, 0.3, —0.6) T/m/ug
in (x,y, z) direction. With the same drive field and y-direction
focus field parameters as in the standard mode, high-resolution
imaging was achieved over a local FOV of 40 x 40 mm?. The
scanning step size was 2 mm, and the time taken to scan each
line was 1 s. Therefore, for the 2-D high-resolution mode,
the scanning time was approximately 20—40 s. Finally, each
reconstructed image was interpolated to 40 x 40 pixels, with
each pixel representing a size of 1 mm.

B. Animal Experiments

The imaging experiments were carried out on a male
adult macaque (Macaca mulatta) weighing 8.50 kg and aged
12 years, sourced from breeding colonies at the Kunming
Institute of Zoology for the animal experiment. The macaque
was individually housed under standard conditions, maintain-
ing a temperature of 21 £ 5 °C and a humidity at 60%,
with a 12 h light/dark cycle (light on from 07:00 to 19:00 h).
The macaque had unrestricted access to tap water, punctually
received standard chow foods twice a day and was provided
with fresh fruits or vegetables once a day. Experiments were
conducted between 9:00 and 17:00 h, following the guidelines



5023611

Motion

Displacement §

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

axes controller

Fig. 3.

NHP-MPI system. (a) Front view. (b) Side view. (c) Mechanical displacement device. (d) Preamplifier. (¢) and (f) Signal transmission and data

acquisition system with a digital-to-analog converter (DAC) and an analog-to-digital converter (ADC). (g) Power amplifiers.
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Fig. 4. Simulated and measured selection field and gradients. (a) Selection
field in three axial directions. The measurement is conducted using a Gauss
meter (FW Bell 5180, Portland, USA). (b) Selection field gradient calculated
from the data in (a). (c) Error between simulation and measured gradient
strength in (b). The system achieves a gradient strength of 0.1 T/m/uo in the
x- and y-axes and —0.2 T/m/qt¢ in the z-axis.

outlined in the Application Format for Ethical Approval for
Research Involving Animals (IACUC-PE-2023-09-001). All
necessary measures were taken to minimize the number of
animals used and reduce animal suffering.

MPI data were collected at the National Research Facil-
ity for Phenotypic and Genetic Analysis of Model Animals
(Primate Facility), Kunming Institute of Zoology, in the
macaque, on two occasions with a three-month interval.
The macaque was anesthetized using hydrochloric acidulated
ketamine (Jiangsu Zhongmubeikang Pharmaceutical Company
Ltd., 10 mg/kg, i.m.) and maintained with propofol (Guang-
dong Jiabo Pharmaceutical Company Ltd., 25 mg/kg/h i.v.)

during MPI scanning. Atropine (Henan Runhong Pharmaceuti-
cal Company Ltd., 0.05 mg/kg, i.m.) was administered 10 min
before anesthesia to reduce salivation. The macaque underwent
a 12-h fasting period before the experiment.

For animal experiment, the standard mode was employed
to record 3-D imaging sequences, where G(x,y,z) =
0.1,0.1, =0.2) T/m/po, fr = 5 kHz, f, = 10 Hz, and
frample = 1 MS/s. A 3-D FOV of 120 x 120 x 120 mm?
was scanned. The step width was 6 mm in the z-axis. Thus,
21 lines along the z-axis were collected, with 1-s acquisition
time of each line. Finally, each 3-D image was interpolated to
120 x 120 x 120, with each pixel size of 1 mm.

V. RESULTS

A. Sensitivity Results

The dilution series and the corresponding 2-D images
are illustrated in Fig. 5. As depicted in Fig. 5, the sample
ranging from 312.5 pgp, down to 19.53 ugg. is detectable.
Consequently, the sensitivity limitation of our system is
approximately 19.53 ugg..

Besides, to assess the quantitative performance of our
system, we calculated the average value of the reconstructed
image (see Fig. 6). Results in Fig. 6 reveal that our sys-
tem exhibits satisfactory quantitative capabilities. The dilution
series is generated by halving the previous concentration, and
this relationship is reflected in the values of the reconstructed
image.

To evaluate the uniformity of sensitivity over the FOV,
we chose the maximum iron mass (312.5 ugg.) and the
minimum iron mass (19.53 ugg.) that can be detected in Fig. 5
for further experiments. As shown in Fig. 7, the sensitivity
phantoms were placed at three positions on the diagonal of
the FOV. From the results, although the appeared artifacts led
to degradation in the image quality, the phantom with iron
mass as low as 19.53 pugg. could still be detected, and the
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Fig. 5. Sensitivity results. (Top) Synomag dilution series with iron mass
ranging from 4.88 to 312.5 ugg., using the same water phantom for reference.
(Bottom) Corresponding reconstructed image of Synomag dilution series. All
images were globally normalized before visualization.
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Fig. 6.  Average value of the reconstructed image. All images were first
globally normalized before averaging. The axes were converted to logarithmic
coordinates with a base of 2. The numbers of x-coordinates and above the
curve represented the value before calculation.

movement from the lower right to the upper left in the FOV
could be observed. Meanwhile, after global normalization, the
values of reconstructed images from different positions were
all of the same order of magnitude, which proved the detection
limit (19.53 pgg.) of our system and uniformity of sensitivity
over the FOV in our system.

B. Spatial Resolution Results

Spatial resolution experiment results are presented in Fig. 8.
It is evident from Fig. 8 that our NHP-MPI can resolve two
objects with a minimum spacing of 8 mm in the x-direction
[see Fig. 8(b)], 16 mm in the y-direction [see Fig. 8(c)],
and 8 mm in the z-direction [see Fig. 8(d)]. In addition, the
examination of line profiles in the images demonstrates the
system’s ability to clearly distinguish between two phantoms
with different distances. For the x-direction, two samples
at 8-mm distance can still be differentiated from the two
peaks, while 6-mm phantoms are completely indistinguishable.
For the other two directions, the corresponding minimum
resolution can also be obtained from the line profiles.

Furthermore, we conducted tests on the system’s PSF,
as shown in Fig. 9. The measured PSF is approximately
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Fig. 7. Results of sensitivity uniformity over the FOV. The phantoms were
placed at the three positions of the diagonal in the FOV (top three images).
We imaged the sensitivity phantom with an iron mass of 312.5 ugg. (middle
three images) and 19.53 ugp, (bottom three images) in the three positions.
The imaging results for each concentration were first globally normalized
before visualization.

(a) 6 mm 24 mm

Fig. 8. Spatial resolution of the system. (a) Phantoms at different distances
ranging from 6 to 24 mm. (b)—(d) Reconstructed images and line profiles of
the resolution phantoms in the x-, y-, and z-directions, respectively.

9 mm, which is consistent with the spatial resolution in the
x-direction.

C. Imaging Results of Animal Experiments

In the imaging experiment, a macaque was intravenously
with 4 mL of 10-mgg./mL Synomag particles (over 20 s)
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Fig. 9. (a) Dot phantom. (b) Measured PSF. (c) Line profiles of the 1-D
collinear component.

under anesthesia. The initial injection time was set to 0 min,
and a 3-D MPI image was captured every 10 min to observe
particle distribution in the macaque’s brain. The total duration
of the experiment was 50 min, and the experiments were
repeated twice with a three-month interval. Based on the
previous works [25], [33], in the first experiment, particles
were injected twice (2 mL at O min and 2 mL at 30 min), while
in the second experiment, particles were injected once (4 mL)
at 0 min. Thus, the total dose injected was about 4 x 10/8.5
= 4.7 mgg,./kg, which was two times less than the typical 10-
mgg./kg dose of SPIOs used in fMRI studies [32]. All other
procedures remained consistent across the two experiments.

In the experiments conducted, we integrated the acquired
3-D MPI images with pre-collected computed tomography
(CT) images to observe the distribution of magnetic particles
within the macaque’s brain. The CT parameters included a
voltage of 90 kV, a current of 500 ©A, an exposure time of
200 ms, a source detection distance of 590 mm, and a ray
source to center of rotation distance of 313 mm. A total of
720 angles were collected during scanning, with four images
captured from each angle for averaging. The resulting CT
image had dimensions of 3072 x 3072 pixels and a pixel
size of 0.139 mm.

During the experiments, the macaque’s head was securely
fixed using a brace [see Fig. 10(c)] to maintain a stable
position with the bed. Following the animal experiments,
the labeled brace was scanned to establish the conversion
relationship between the MPI image and CT image for reg-
istration purposes. Before registration, a global normalization
process was applied to all MPI images. The MPI images were
then interpolated using the Imagel] package FIJI (fiji.sc/Fiji,
NIH, Bethesda, MD, USA). Subsequently, the registration
process was carried out. A representative 3-D fusion image
was generated, as shown in Fig. 10(f).

The study proceeded to analyze the variation of mag-
netic particles in the macaque’s brain over time. Specifically,
focusing on the results from the second set of experiments,
a representative slice of the yz plane was selected for anal-
ysis (see Fig. 11). Initially, no signal was detected at the
beginning of the injection. As the injection progressed (lasting
approximately 20 s), magnetic particles circulated through
the macaque’s body via the bloodstream, reaching the cere-
bral vessels. Consequently, a distinct signal was detected at
10 min. However, as the particles continued circulating in
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Fig. 10. Tllustration of (a) MPI and (b) CT acquisition, with (c¢) showcasing
the brace affixed to the macaque’s head. (d) and (e¢) MPI image and CT image,
respectively. (f) Representative 3-D fusion image.
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Fig. 11. Visualization of the fusion image at different time points, exemplified
by the 188th layer of the fused 3-D image.

the bloodstream, they gradually achieved an even distribution
throughout the vessels and underwent metabolism by the liver.
This led to a gradual decrease in the concentration of particles
within the vessels over time, as observed in Fig. 11. From
the images captured between 20 and 50 min, the amount and
intensity of the particles exhibited a gradual decrease, aligning
with the dilution of concentration, and eventually reached a
steady state. This observation serves to illustrate the dynamic
changes in particle distribution within the cerebral vessels of
the macaque.

Furthermore, we conducted a quantification of the values
associated with each 3-D MPI volume in the two experiments.
All 3-D volumes underwent global normalization, and the
average values for each volume are illustrated in Fig. 12.
The depicted trend in Fig. 12 reveals a gradual decrease
in the concentration of particles, ultimately stabilizing at a
steady state. This emphasizes the quantitative capability of our
NHP-MPI system. Notably, both experiments yielded similar
results under identical experimental conditions, highlighting
the reliability and stability of our system.
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Fig. 12. Analysis of the average values of the 3-D MPI volume at various
time points in two experiments. Prior to averaging, all 3-D MPI volumes
underwent global normalization, ensuring uniformity in the analysis process.

VI. DISCUSSION

In this work, we engineered an MPI system tailored for
nonhuman primates, featuring a bore size of 190 mm and
an FOV measuring 120 x 120 x 120 mm?®. The system
excels in high-sensitivity real-time imaging, with a detection
limitation of 19.53 ugg.. Moreover, the system exhibits the
capability to resolve objects down to 8 mm. Our system
also demonstrates satisfactory quantitative performance. In the
imaging experiments involving the macaque brain, the 3-D
volumes acquired by our system effectively depict the evolving
distribution of particles within the brain over time, offering
information for the fusion image with the CT image.

While our system serves as an advanced reference for
systems with large bore sizes, its design can be enhanced to
better suit clinical applications and accommodate a larger bore
size. In our experiments, the system achieves a resolution of
8—10 mm, fulfilling the requirements for stroke detection appli-
cations, such as cerebral hemorrhage. However, applications,
such as cell tracking and tumor detection, demand higher res-
olution. We employ a relatively small gradient field [(0.1, 0.1,
—0.2) T/m/uq along the (x, y, z) axis], which, to some extent,
compromises spatial resolution. Cost considerations aside, one
approach is to increase the volume of permanent magnets or
employ electromagnets to generate higher gradients through
high currents. However, due to volume and power limitations,
directly elevating the gradient to a high level is unfeasible.
Superconducting materials offer an alternative option [24].
In addition, the arrangement and combination methods of
permanent magnets in a field-free-line (FFL) system can be
considered [34], [35]. Furthermore, reference can be made to
advanced models [36], [37], reconstruction algorithms [29],
and deep-learning-based image postprocessing methods [38],
[39], [40] to further enhance resolution.

Our system can achieve fast reconstruction. However, when
using a shorter signal for reconstruction, the influence of
background noise will also increase, further leading to degra-
dation in image quality. The temporal resolution of our system
is constrained by the frequency of the focus field. Increas-
ing the frequency enables more information to be utilized
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for reconstruction within the same time, thereby reducing
interference from background noise and improving spatial
resolution. To further enhance temporal resolution while
obtaining high-quality reconstruction, the following methods
can be considered.

1) Increase the frequencies of the focus field. Employing
a high-frequency digital focus field would be beneficial
for reconstructing images from shorter time. However,
when increasing the frequency, it is necessary to compre-
hensively consider its impact on the density of trajectory,
which might lead to the degradation of spatial resolution.

2) Improve the sampling rate of our system, which
currently operates at 1 MS/s. This approach allows
for the full extraction of information from the sig-
nals, reducing quantization errors, and suppressing
high-frequency noise, which might be beneficial for
upgrading system and designing innovative imaging
method, especially for some deep learning-based recon-
struction methods [41], [42].

3) Implement advanced reconstruction algorithms and post-
processing methods [41], [42] to effectively suppress
background noise, thereby improving image quality at
high temporal resolutions.

In practical applications, achieving simultaneous improve-
ments in sensitivity, spatial, temporal resolution, and the FOV
of the system poses challenges. As mentioned earlier, enhanc-
ing temporal resolution may lead to a decline in image quality.
Therefore, the performance of the system must be precisely
designed based on specific applications. One viable solution
involves employing different modes for different applications,
such as a high-sensitivity mode for qualitative tasks and a
high-resolution mode for quantitative tasks. For our NHP-MPI,
where high sensitivity is crucial for macaque applications,
future work can explore studying the sensitivity of different
particles and designing new tracer materials for various disease
models to enhance sensitivity in applications.

Heat dissipation is a common challenge in MPI scanners.
Both the energized coils and the inductance of the excitation
end in the system generate heat after prolonged operation.
In the design of our NHP-MPI system, permanent magnets
are utilized to replace electromagnetic coils, thus reducing
the heat generated by electromagnetic coils. In addition, the
current amplitudes of other electromagnetic coils are strictly
controlled to below 30 A. These configurations enable the
current version of the scanner to operate stably for extended
periods. Nevertheless, as technology advances and scanner
performance requirements increase, additional heat dissipation
measures may become necessary. In the future, we plan to
explore various heat dissipation solutions, such as integrating
cooling fans, heat sinks, or even liquid cooling systems.

To demonstrate the advantages of our NHP-MPI system,
it was compared with the human-sized system [23] and
the rabbit-scaled system [22] (see Table II). Our NHP-MPI
has a higher maximum gradient than the human-sized MPI
(0.6 T/m/py compared to 0.2 T/m/up), and the AM-MPI
achieves the highest maximum gradient (4 T/m/u). However,
our NHP-MPI and human-sized MPI have a bore size twice
larger than AM-MPI and offer a much bigger FOV under low
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TABLE II
COMPARISON OF DIFFERENT MPI SYSTEMS

Human-sized

Category MPI[23] AM-MPI [22] NHP-MPI
Bore size (mm) 190-250 90 190
Field free FFP FFP FFP
region
Maximum
gradient in o )
(%7, 2) axos (0.1,0.2,0.1) @,-2,-2) (0.3,0.3, -0.6)
(T/m/pe)
Maximum FOV- 1000 140x140  89.6x89.6x89.6  120x120%120
(mm*~)
Spatial
resolution in (5, 6, 26) (7,15,8) (8,16, 8)
(x,y, z) axes
Total power ~12kW 65 kW ~1 kW
required

gradient. Besides, NHP-MPI also achieves similar spatial res-
olution under lower gradient. Also, the human-sized MPI even
achieves a better spatial resolution in the x- and y-directions
than AM-MPI. In addition, the permanent magnets applied
in our system efficiently reduce the need for excessive current
and minimize power consumption. For a standard 3-D imaging
sequence, the average power of the drive coils, y-focus coils,
and z-focus coils is 120, 85.5, and 178.85 W, respectively,
leading to a total power required of 384.35 W. Compared to
the AM-MPI, our NHP-MPI reduces the demand for power
consumption and achieves the imaging of NHP animals.

In our research, we conducted preliminary experiments
applying our NHP-MPI to imaging the macaque’s brain,
yielding promising quantitative results. Subsequent endeavors
will involve further exploration of the application in different
disease models and the half-life time of different particles in
animal experiments, where the dose of SPIOs will be further
determined based on the specific application and experiment.
Furthermore, the quantitative capabilities of our system hold
potential for serving as functional MPI (fMPI), which is a new
multimodal functional imaging modality [33], [43].

VII. CONCLUSION

In summary, we have developed the first NHP-MPI,
characterized by a bore size of 190 mm. Through a
digital-scanned focus field, 3-D imaging with an FOV of
120 x 120 x 120 mm® can be obtained. Comprehensive
performance evaluations of the system were conducted in the
article, which demonstrated that our system has a detection
limit of 19.53 pgp., with sensitivity uniformity over the FOV.
Besides, our system achieves the spatial resolution of 8, 16,
and 8 mm in the (x, y, z7) axes, respectively. Furthermore, the
system showed good quantitative performance in brain imag-
ing experiments on macaque subjects, which demonstrated
the further possibilities for exploring application on the brain
diseases such as stroke, particularly, cerebral hemorrhage.

APPENDIX

Here, we introduce the generation of FFP in our system.
Here, we consider ideal magnetic fields. First, the FFP is
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created using a linear gradient magnetic field denoted as
the selection field HS(r). Subsequently, a drive field HP(¢),
characterized by a homogeneous alternating magnetic field,
is applied to excite the SPIO to produce a nonlinear mag-
netization response, with the drive field oriented along the
borehole direction (x-direction). In this study, a 3-D focus field
sequence is employed to move the FFP to scan the entire 3-D
FOV. Rather than creating an FOV, the drive field is regarded
as an excitation field which is used to excite the particle signal.
The 3-D focus field HY(¢) consists of three homogeneous
magnetic fields that are orthogonal to each other and generated
according to a given time sequence. The total magnetic field
H (r,t) can be described as

H(r,t)=H%(r)+ HP(t)e, + H" (1) )

with
H*(r) = G,xe, + G,ye, + G ze, (10)
HP(t) = A” cos(2n f 1) (11)
where r = [x, y, Z]7, and G,, G, and G, represent the field
gradient in the (x,y, z) directions, respectively. G, = —2G, =

—2G,. fP and AP denote the frequency and amplitude of the
drive field, respectively.
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