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Abstract
Magnetic particle imaging (MPI) quantitatively visualizes in vivo superparamagnetic iron oxide
nanoparticles (SPIONs), which has shown great promises in biomedicine. In this paper, we
propose a single harmonic-based narrowband MPI approach via measuring a single
harmonic—3f 0 harmonic—of the SPIONs induced in an excitation magnetic field with
frequency f 0 = 5 kHz. The narrowband MPI scanner is built to scan the field-free-point,
generated by a pair of permanent magnets, through an imaging field-of-view, and to measure the
magnetic response of the SPIONs by a narrowband receive system. The narrowband MPI
approach dramatically reduces the design efforts in the transmit system and noise matching in
the receive system. Phantom experiments are performed with the custom-built narrowband MPI
scanner to evaluate the spatial resolution and limit of detection (LOD). Experimental results
indicate that the proposed single harmonic-based narrowband MPI approach allows a spatial
resolution of 0.5 mm and an LOD of 27 µg (Fe) ml−1 (254 ng Fe weight) using Perimag®

SPIONs, which can significantly be improved by using optimized SPIONs and by improving the
detection circuitry. We believe that the proposed narrowband MPI approach minimizes the MPI
hardware efforts but still allows for good performance in terms of spatial resolution and LOD.

Supplementary material for this article is available online

Keywords: magnetic particle imaging, superparamagnetic iron oxide nanoparticles,
single harmonic, spatial resolution, limit of detection

(Some figures may appear in colour only in the online journal)

1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have
shown great promise as an emerging platform in disease
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diagnostics and therapy. For instance, SPIONs functionalized
with antibodies bind to their specific antigens, allowing the
tracking and imaging of the antigens for disease diagnostics
[1–4]. In targeted drug delivery, SPIONs together with drugs
capsulated into polymers are used as magnetic carriers for tar-
geting specific tissue with external gradient magnetic fields
to improve treatment efficiency [5–7]. In addition, the SPI-
ONs are also used as heaters when applying radio-frequency
ac magnetic fields to release the drugs from the polymers
[8–11]. In cell-based cancer therapy, e.g. adoptive cellular
therapy, the labeling of SPIONs onto the surface of specific
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cells allows in vivo tracking [12–16]. For all these applications,
a novel imaging modality for the SPION imaging provides
new insights into the development of new techniques for dis-
ease diagnostics and therapy.

Magnetic particle imaging (MPI) is a novel imagingmodal-
ity, which directly measures the nonlinear magnetic response
of SPIONs for in vivo quantification and imaging of the SPI-
ONs [17, 18]. In 2005, the MPI technique was for the first
time reported by Gleich and Weizenecker, demonstrating the
feasibility of MPI for SPION imaging [17]. The spectra of
magnetic response of the SPIONs exposed in magnetic fields
were measured for imaging with system matrix-based recon-
struction based on scanning field-free-point (FFP) in a field-
of-view (FOV). Since then, there have been various MPI
approaches, differing in imaging methodology and scanner
design. In 2009, Goodwill et al proposed the x-space MPI
approach by calculating the FFP position and the SPIONmag-
netization in time-domain, which in principle allows SPION
imaging by gridding the time-domain SPION magnetization
without a system matrix-based reconstruction [19–21]. In
2014, Vogel et al developed an alternative approach of MPI,
named traveling-waveMPI, without using permanent magnets
[22]. In addition, single-sided MPI was developed to solve
the problem of a size limitation for the specimens [23, 24]
while field-free-line (FFL)-based MPI approaches were
also developed to improve the signal-to-noise ratio (SNR)
[20, 25, 26].

To date, MPI has been demonstrated to allow three-
dimensional (3D) and real-time imaging of SPIONs with high
sensitivity and high spatial resolution. In 2009, Weizenecker
et al demonstrated that MPI allowed 3D and real-time imaging
of the SPIONs with 46 frames per second (FPS) and a spatial
resolution of about 1 mm [27]. In 2020, Vogel et al reported
on a 2000 FPS-superspeed bolus visualization with traveling-
wave MPI [28]. The spatial resolution of MPI depends on
several factors, including the gradient magnetic field, the mag-
netic properties of SPIONs and the drive field (DF). For sys-
tem matrix-based MPI, a spatial resolution of about 0.5 mm
was reported with a gradient of 2 T m−1 [29] whereas for
x-spaceMPI a spatial resolution of 0.6 mmwas estimated with
a gradient of 6 T m−1 [30]. In 2019, Tay et al reported on
pulsed-excitation MPI, improving the spatial resolution of x-
space MPI to better than 0.5 mm with gradient 7 T m−1 [31].
In 2021, Tay et al further improved the spatial resolution of
MPI to 0.15 mm with gradient of 6.3 T m−1 by using super-
ferromagnetic iron oxide nanoparticle chains [32]. In prin-
ciple, MPI allows a better sensitivity than MRI by an order
of 3–6 by considering the magnetic moments of SPIONs and
hydrogen, as well as the excitation frequency [33]. To date,
the best limit of detection (LOD) of 5 ng iron achieved by
MPI was reported by Gräser et al with an acquisition time of
2.14 s by integrating a new gradiometric detection coil and
improving the pre-amplifier in the commercial MPI scanner
from Bruker [34]. In a general broadband MPI scanner, a DF
with a large amplitude and high frequency is applied to sim-
ultaneously scan the FFP and excite the SPIONs. To allow a
larger FOV, either the DF strength should be increased or an

additional focus field should be applied to move the FFP/FFL.
Thus, these general broadbandMPI scanners employ DFs with
frequency of a few tens of kHz and tens of mT while a detec-
tion system with a measurement bandwidth of about hun-
dreds of kHz (even MHz). However, a higher DF may cause
significant concerns in human safety due to magnetostimu-
lation [35]. In addition, previous studies demonstrated that
a lower DF strength may lead to a better spatial resolution
[36, 37]. For the system matrix-based MPI approaches, the
systemmatrix should bemeasured bymechanically scanning a
spot sample in the FOV, which is very time-consuming—in the
order of tens of hours, depending on the averaging times and
the FOV.

In addition to these general MPI approaches (broadband
MPI approaches), the approaches of narrowband MPI have
been reported for the imaging of the SPIONs [33, 38–44].
For instance, Goodwill et al investigated a narrowband MPI
approach by using an excitation magnetic field at 150 kHz and
a modulation magnetic field at 200 Hz. The second harmonic
(300 kHz) of the SPIONs was measured for imaging with a
10.3 min acquisition time for two-dimensional (2D) imaging
without providing details on spatial resolution or LOD [33]. Pi
et al developed an MPI approach via the measurements of the
SPION susceptibility by measuring the fundamental harmonic
at 12.8 kHz, where an LOD of 12.5 µg and a spatial resolution
of about 2.5 mm at 4.3 T m−1 were achieved [40]. The mag-
netic signal from tissue may contaminate the SPION signal,
which leads to a limitation of the LOD. In 2019, Trisnanto et al
reported on a narrowband MPI by modulating the relaxation
response of SPIONs for submillimeter resolution [44]. In addi-
tion, other approaches using an array of magnetic sensors or
mechanical scanning of a magnetic sensor or a phantom were
also reported for imaging SPIONs [45–48]. In 2017, Mason
et al presented by simulation a human brain FFL scanner by
using the 3rd harmonic for the SPION imaging [49]. After-
wards, in 2021 the same group experimentally presented the
approach for the SPION imaging with a spatial resolution of
2–3 mm (2.83 T m−1 gradient field strength) and an LOD of
100 ng with an excitation field frequency of 25 kHz and a peak
amplitude of 12 mT [50]. In 2021, Tonyushkin et al investig-
ated a single sided FFL MPI approach based on the 3rd har-
monic of the SPIONs by simulation and experiments. The sim-
ulated spatial resolution is about 2 mm (2 T m−1 gradient field
strength) [51, 52]. In principle, narrowband MPI employs a
high-Q receive system, which reduces the bandwidth require-
ments and may improve the SNR for a given DF. To date,
there have been no approaches that comprehensively invest-
igates the spatial resolution and the LOD of narrowband MPI
with measurements by varying the iron concentration and the
DF strength.

In this paper, we propose an approach of single harmonic-
based narrowband MPI to visualize the spatial distribution of
the SPIONs. The method of spatial encoding of the SPIONs
is presented while a narrowband MPI scanner is built. An
one-dimensional (1D) excitation magnetic field at f 0 = 5 kHz
is applied to excite the SPIONs while a quasi-static field
is used to scan the FFP through the FOV. Only the 3rd
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harmonic at 15 kHz is measured for imaging with reconstruc-
tion. The excitation magnetic field-dependent point spread
functions (PSFs) are measured and discussed. Experiments
on different phantoms are performed to comprehensively ana-
lyze the spatial resolution and LOD. The objective of this
work is to demonstrate the feasibility of this MPI approach
for SPION imaging with good imaging performance while the
efforts for the design of the MPI scanner can be significantly
reduced.

2. Methods

2.1. Concept

The concept of 1D single harmonic-based narrowband MPI is
depicted in figure 1. In an FOV, a gradient magnetic field HG

generates an FFP, which can be moved by a scanning mag-
netic field Hs, as shown in figures 1(a) and (b). Scanning the
FFP position xFFP by Hs, the time-domain magnetizationM(t)
of a spot SPION sample located at origin position induced by
an excitation magnetic field Hac with excitation frequency f 0
is modulated, as shown in figure 1(b). Note that here the FFP
movement by Hac is ignored. Figure 1(c) shows the schematic
of M(t) vs xFFP(t) curve in x-direction. In a short subinterval
dt, the signal strength of the 3rd harmonic M3 at frequency
3f 0 is calculated from the time-domain SPION magnetization
M(t) while the FFP position xFFP, considered as a constant
in the subinterval dt, is calculated and scaled in x axis. Con-
sequently, M3(xFFP) is obtained, which can be considered as
the PSF PSF(x) of the narrowband MPI in x-direction. There-
fore, the measured 3rd harmonic M3(x) at the FFP position
is an integration over the imaging FOV and can be written
as a convolution of h(x) and the PSF of the third harmonic
PSF(x):

M3(xFFP) = h(x) ∗PSF(x)|x=xFFP , (1)

where h(x) is the 3rd harmonic generated by the local SPIONs
at position x. Figure 1(d) shows the schematic of 1D PSFs,
M3(xFFP) and M3(zFFP), in x- and z-direction. Note that negat-
iveM3 represents the opposite direction of the 3rd harmonic vs
the excitation magnetic field. In addition, since xFFP vs time t
curve is not linear, the time-domain magnetizationM(t) depic-
ted in figures 1(b) and (c) shows a slightly different shape at
the edge. Here the excitation magnetic field is set to be paral-
lel to the sensitive axis of a detection coil. A deconvolution or
reconstruction method allows the measurement of the spatial
distribution of h(x) generated by local SPIONs, which is pro-
portional to the SPION concentration. Therefore, scanning the
FFP in multi-dimensions enables multi-dimensional imaging
of the SPIONs.

2.2. Scanner design

According to the imaging concept, anMPI scanner was built to
generate the desired magnetic fields and to measure the mag-
netic response of the SPIONs. Figures 2(a) and (b) show a
schematic of the coil configuration and a photo of the MPI
scanner, respectively.

The magnets of a former MPI scanner [48] were mod-
ified to generate the FFP and quasi-static scanning mag-
netic fields to move the FFP in z-direction in the FOV, as
shown in figure 2(a). A pair of NdFeB permanent magnets
were oppositely arranged to generate the FFP with a gradi-
ent of about 4.4 T m−1 in z-direction and 2.2 T m−1 in x-
and y-directions. A Helmholtz coil pair was used to generate
scanning magnetic field µ0Hs for the FFP movement in the
z-direction. In the current status of the MPI scanner, only in z-
direction the FFP is electrically moved by a scanningmagnetic
field. In x-direction the sample is mechanically moved through
the FFP. Fully electrical scanning in x- and z-direction can be
achieved by adding a coil in x-direction. Figure 2(b) shows
the photo of the MPI scanner, with the robot, which is used for
movement in x-direction, in front of the system. It is important
to have some distance between the motor-drivers of the robot
and the coil system to remove the noise of the electronic. The
schematic of the analog signal chain is shown in figure 3.

The analog transmit chain of the system includes a solen-
oidal coil whose impedance is matched by a series and a par-
allel capacitor. This coil generates the excitation magnetic
field µ0Hac in x-direction (see the green coil in figure 2(a))
at 5 kHz, driven by a power amplifier (Vex) A 1110-16-A, pur-
chased from Dr Hubert (Bochum, Germany). The excitation
frequency of 5 kHz is chosen to investigate the SPION spectra
with significant contribution fromBrownian relaxation. A 3rd-
order band-pass filter was used to improve the total harmonic
distortion (THD) of the excitationmagnetic field. The required
power in the transmit system was estimated to be about 18 W
with µ0Hac = 4 mT.

A gradiometric receive coil, including the detection and
compensation coils, was used to detect the magnetic response
of the SPIONs (see the inner blue coils in figure 2(a)). The
gradiometric coil was wound on a resin-printed bobbin with
an inner diameter (bore size) of 22 mm. In this paper, the 3rd
harmonic (M3) of the SPION signal at frequency 15 kHz was
measured for imaging. To improve the SNR of the measure-
ment signal and to suppress the feedthrough from the excita-
tion magnetic field, a resonance circuit and a high-pass were
used to tune the resonance frequency of the gradiometric
coil to 15 kHz, as shown in figure 3. Afterwards, a 2nd-
order band-stop filter was used to further suppress the feed-
through signal. A low-noise preamplifier based on an AD8221
instrumentation amplifier was designed to amplify the sig-
nal from the gradiometric detection coil. The output sig-
nal of the pre-amplifier is transferred to differential signals
via an AD8066 in the next amplifier stage. Afterwards, the
analog signal is digitalized by a National Instruments (NI)
data acquisition card (NI PCIe-6374) with a sampling rate of
1MHz for further processing, e.g. digital lock-in detection and
segmentation.

Note that the current MPI scanner was built without
any cooling system or shielding systems, which significantly
reduced the construction effort compared to general MPI scan-
ner. For the proposed narrowband MPI approach, the excita-
tion magnetic field Hac is used to excite the SPIONs while the
scanning magnetic field is used to electrically move the FFP
in the FOV. The small movement of the FFP by the excitation
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Figure 1. Imaging concept of the single harmonic-based narrowband MPI. (a) Schematic of gradient magnetic field HG for the generation
of an FFP, scanning magnetic field Hs for the FFP scanning, and excitation magnetic field Hac for the SPION excitation. (b) Schematic of
the scanning magnetic field Hs(t), the FFP position xFFP(t), and the SPION magnetization M(t) in time domain. (c) Schematic of the
time-domain magnetizationM(t) vs xFFP(t) in x-direction. In the short subinterval dt, the signal strength of the 3rd harmonicM3 is calculated
from the time-domain SPION magnetization while the FFP position xFFP, considered as a constant in the short subinterval dt, is calculated
by averaging the scanning magnetic field and the given gradient magnetic field. In this case, the calculated 1D PSFsM3(x), as well asM3(z),
is presented in (d).

Figure 2. The overview of the narrowband MPI scanner. Figure (a) shows the schematic of the MPI scanner from top view with a slice in xz
plane. The winding directions of the coils are shown with a cross. The excitation and gradiometric detection coils are placed between the
two NdFeB permanent magnets. (b) Photo of the built MPI scanner.
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Figure 3. Schematic of analog signal chain of the MPI scanner. The left side shows the transmit chain with 3rd-order band-pass filter,
matching capacitances and the excitation coil while the right side shows the detection signal chain with the receive coil, a high-pass, the
resonance circuit and a 2nd-order band-stop filter.

magnetic field in x-direction is ignored, thus causing image
blurring. In this case, the reconstruction is used to de-blur the
measured raw image.

2.3. Signal processing

The MPI scanner was tested with a spot SPION sample with
5µl Perimag® stock solution, filled in a phantomwith a dimen-
sion of 1.5 mm diameter in the xz plane and 3 mm length in
y-direction. This phantom is placed in the center of the system.
The excitation magnetic field strength is 6 mT. Figure 4(a)
shows the excitation and scanning magnetic fields versus time.
Note that the excitation magnetic field is applied in x-direction
while the FFP is scanned in z-direction with a quasi-static
scanning magnetic fieldHs with a frequency of 1 Hz. It means
that in 1 s the FFP is twice scanned through the FOV. A Hs

strength of 17.6 mT results in a FOV of 8 mm in z-direction.
For imaging in x-direction, the sample was moved by a posi-
tioning robot in the FOV in x-direction. Figure 4(b) show the
measured time-domain signals without (black curve) and with
(red curve) the spot SPION sample. Note that the feedthrough
from the excitation magnetic field and the fundamental har-
monic at frequency f 0 was eliminated digitally by a blank
measurement in advance. Thus, figure 4(b) shows the time-
domain signal dominated by the 3rd harmonic since other
higher harmonics are filtered by the designed resonance fil-
ter. In addition, since the scanning magnetic field with 1 Hz
scans the FFP in the FOV in z-direction twice, the spot SPION
sample is passed with the FFP twice, thus showing time-
domain signal with the same two sets (see figure 4(b)). The
inset in figure 4(b) shows the zoom-in signals from the MPI
scanner. Figure 4(c) shows the frequency spectra of the meas-
ured time-domain signal shown in figure 4(b). Figures 4(b) and
(c) clearly show that without an SPION sample, the signal is
dominated by the background noise and some residual feed-
through from the µ0Hac. Herein, the original feedthrough sig-
nal from the 3rd harmonic of the excitation magnetic field was
already eliminated by a blank measurement. With an SPION
sample, the 3rd harmonic was modulated by Hs, as shown
in figure 4(c). Note that the inter-modulated signal shown in
figure 4(c) is presented to only show the SPION magnetiza-
tion and the blank signal in frequency domain. As described

in section 2.1, in a short subinterval dt = 0.0125 s, M3 is cal-
culated from the time-domain SPION magnetization shown
in figure 4(b) with a digital lock-in amplifier, implemented in
LabVIEW software, while the FFP position was calculated by
averaging the scanning magnetic field in the same subinterval
dt with given gradient magnetic fields. The maximum of the
scanning magnetic field of 17.6 mT results in an FOV of 8 mm
with a gradient of 4.4 T m−1 in z-direction. The calculated
signal M3 is depicted in figure 4(d) versus z-position, show-
ing the 1D spatial distribution of the SPIONs. Since the FFP
is scanned in z-direction twice in 1 s, it results in a voxel res-
olution of 2 × 8 mm s−1 × 0.0125 s = 0.2 mm.

2.4. Image reconstruction

According to the imaging concept, the single harmonic-
narrowband MPI approach, presented in this paper, calculates
the position of the FFP by using the gradient and scanning
magnetic fields, but ignores the movement by the excitation
magnetic field. To improve the spatial resolution, the raw
image can be deconvoluted with the PSF or reconstructed with
a measured system matrix. For the measurement of a 2D PSF,
one needs to measure the 3rd harmonic signal of a spot sample
while scanning the FFP through the FOV in 2D. Thus, the PSF
(or system matrix) can be measured by electronically scan-
ning the FFP through the imaging FOV, allowing fast meas-
urements. In this paper, the PSF is measured by electrically
scanning the FFP in z-direction and mechanically moved in
x-direction since a scanning magnetic field coil in x-direction
has not yet been implemented.

For the measurement of the PSF, a spot SPION sample
with 5 µl Perimag® stock solution is used. Figure 5 shows the
measured PSFs at different excitation magnetic fields ranging
from 4 mT to 10 mT. It takes 1 s to measure the 1D PSF in
z-direction and about 5 min, including mechanical scanning
time, for 2D PSF with an FOV of 14 mm × 8 mm in x- and
z-direction (71 pixels × 41 pixels). Therefore, the measure-
ment of PSF is much less time-consuming than that in general
broadband MPI.

In practice, we use a system matrix, converted from the
PSF, to reconstruct the measured raw image. Figure 5(e) show
the system matrix at Hac = 8 mT, converted from figure 5(c).
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Figure 4. (a) Excitation and scanning magnetic fields in time
domain. Inset shows the zoom-in signals from 0.200 to 0.201 s.
(b) Time-domain signals without (black) and with (red) the spot
SPION sample. Inset shows the zoom-in signals from 0.2600 to
0.2604 s. (c) The measured signals shown in (b) in frequency
domain. (d) Measured 1D spatial distribution of the SPIONs,
calculated from time-domain signals with a subinterval
dt = 0.0125 s.

For reconstruction with system matrix, equation (1) can be re-
written as

M3 = A · c, (2)

where A is the system matrix converted from the PSF, c
is the spatial distribution of the SPION concentration, and
M3 is the measured raw image of the 3rd harmonics. In
this paper, the weighted Kaczmarz method is used to solve
equation (2) [53].

Figure 5. Measured 2D images of PSFs at different excitation
magnetic fields of 4 mT (a), 6 mT (b), 8 mT (c) and 10 mT (d) in
x-direction, (e) the system matrix at 8 mT. The image intensity is
normalized to 1.

3. Results

3.1. Experimental description

In this paper, plain Perimag® SPIONs, purchased fromMicro-
mod GmbH (Rostock, Germany), are used as experimental
sample. Perimag® SPIONs with a hydrodynamic diameter of
about 130 nm are multi-core particles, consisting of several
iron-oxide cores in a dextran matrix. The iron concentration of
the stock sample is 8.5 mg ml−1. In this paper, 2D images of
the spatial distribution of SPIONs are measured in the xz-plane
with the MPI scanner. The excitation magnetic field has a fre-
quency of 5 kHz while the field strength is varied from 4 mT
to 10 mT. The Cartesian trajectory is used for the FFP scan-
ning with electrical scanning in z-direction and mechanical
scanning in x-direction. Note that the present narrowbandMPI
approach only calculates the FFP positionwith the given gradi-
ent and scanning magnetic fields. The measurement time of
one line in z-direction amounts to 1 s (1 s data acquisition).
Each pixel of all the measured images has a dimension of
0.2 mm × 0.2 mm.

3.2. Spatial resolution

In this paper, the full width at half maximum (FWHM) is used
to estimate the spatial resolution of the single harmonic-based
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Figure 6. Figure (a) shows the normalized 1D PSF in x-direction
for zFFP = 0 (b) shows the normalized 1D PSF in z-direction for
xFFP = 0 (c) shows the dependence of the FWHMs on the amplitude
of the excitation magnetic field in x- and z-direction. Symbols are
experimental data whereas solid lines are guides to the eye.

narrowband MPI. Figures 6(a) and (b) show the measured 1D
PSF curves in x- and z-direction at difference excitation mag-
netic fields. To quantitatively analyze the spatial resolution, the
FWHMof the PSF was calculated and presented in figure 6(c).
Note that a half of the difference between the maximum and
minimum values is used to calculate the FWHM. It shows that
with increasing the amplitude from 4 to 10 mT, the FWHM in
x-direction increases from 2.0 to 4.4 mm while the FWHM in
z-direction increases from 1.8 to about 3.0 mm.

The modulation transfer function (MTF) is one of the most
effective methods for the evaluation of spatial resolution. To
assess the spatial resolution with MTF, different phantoms
with two lines parallel to the x- and z-axis with different dis-
tances were used for experiments to calculate the MTF. Each
line with a shape of a box has 1 mm width, 4 mm length in
the xz plane and 3 mm depth in y-direction. Each line was
filledwith 12µl Perimag® SPIONs. The edge-to-edge distance
between the two lines was varied from 0.5 to 2 mm. Note

that in this paper the distance is calculated from edge to edge
if not specified otherwise. The measured FOV amounts to
14 mm× 8 mm in x- and z-direction. In addition, differentHac

from 4 to 10 mT were applied to investigate the effect of the
Hac strength on spatial resolution whereas the SPION concen-
tration was varied to investigate the effect of the measurement
SNR on spatial resolution. Figure 7 shows the reconstructed
2D images of the two-line phantoms filled with 8.5 mg ml−1

stock suspension. It indicates that the two lines with distances
of 2.0mm and 1.5mm can be clearly distinguished at all differ-
ent Hac. For line-to-line distances of 1.0 mm and 0.5 mm, the
reconstructed images get blurred. The reconstructed images
show that with increasing theHac, the width of the reconstruc-
ted line (1 mm) increases, which may be caused by the broader
PSF at a larger Hac. Note that the regularization parameter in
the reconstruction with the Kaczmarz algorithm is adjusted for
each measurement to provide the best image quality.

Figure 8 shows the 1D image (line) in the center of
the reconstructed 2D images shown in figure 7 in x- and
z-direction. The left column shows the normalized intens-
ity versus position (intensity-position curve) in x-direction,
while the right column shows it in z-direction. Each column
in figure 8 shows the intensity-position curve at different Hac.
Based on the reconstructed 2D images shown in figure 7 and
their corresponding 1D image shown in figure 8, the distin-
guishability of the two lines in x- and z-direction is summar-
ized in table 1. It indicates that the two lines with distances of
2.0, 1.5 and 1.0 mm in both x- and z-direction can be distin-
guished at all different Hac. In addition, with µ0Hac = 4 mT,
the two lines with a distance of 0.5 mm in both x- and z-
direction can be distinguished, indicating a spatial resolution
of 0.5 mm at 4 mT. With increasing Hac, the distinguishab-
ility of the two lines decreases, indicating a worse spatial
resolution.

In addition, the same phantom experiments were also per-
formed with different SPION concentrations ranging from 8.5
to 1.1 mg ml−1. The reconstructed 2D images are presented in
figures S1–S4 in supplementary material while the intensity-
position curves are displayed in figures S5–S8, which shows
similar behavior in terms of spatial resolution. In addition,
they indicate that the measured images contain an increasing
number of shadows/artifacts with decreasing iron concentra-
tion due to a worsened SNR. Moreover, it also becomes more
difficult to distinguish the two lines from the phantom, espe-
cially with a small distance, e.g. of 0.5 mm at 4 mT. In general,
the phantom experiments demonstrated that the spatial resolu-
tion in z-direction is better than that in x-direction. It is mainly
caused by the higher gradient (4.4 T m−1) in z-direction than
that in x-direction (2.2 T m−1). If only considering the gradi-
ent, the spatial resolution should be twofold better than that
in x-direction. However, the spatial resolution also depends
on the direction of the excitation magnetic field. The achieved
spatial resolution in z-direction is slightly better than that in x-
direction, not twofold better. Moreover, the spatial resolution
in both x- and z-direction gets worse with increasing the excit-
ation magnetic fields.

Based on the line phantom experiments, the MTF is cal-
culated by using MTF( f spatial) = (cmax − cmin)/(cmax + cmin),
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Figure 7. Reconstructed 2D images of two-line phantoms at different magnetic fields with different distances. The iron concentration is
8.5 mg ml−1. The measured FOV is 14 mm × 8 mm in x- and z-direction.

where cmax (cmin) is the maximum (minimum) value of the
1D curve at a given spatial frequency f spatial = 1/d with
the edge-to-edge distance d between two lines [29, 54, 55].
Figure 9 shows the calculated MTF vs spatial frequency f spatial
at different µ0Hac for different-concentration SPION samples,
calculated from reconstructed images. Note that figure 9
only presents the MTFs for three different concentrations of
8.5 mg ml−1, 4.3 mg ml−1 and 1.1 mg ml−1. The spatial
resolution R is defined as the value at which MTF(1/R) equals
0.5. As can be seen in figure 9, with increasing the excita-
tion magnetic field, the 1/R at which MTF = 0.5 decreases,
corresponding to a worsening of the spatial resolution R with

increasing field amplitude. Figure 10 shows the calculated spa-
tial resolution vs. the strength of the excitation magnetic field
Hac from the measured MTF at differeent SPION concentra-
tions. It indicates that with increasingHac from 4mT to 10mT,
the spatial resolution in x (z) varies from 0.5 mm to 1.2 mm
(from 0.5 mm to 0.7 mm).

3.3. LOD

The LOD is one of the most important measures in an ima-
gingmodality. To quantitatively assess the LODof the custom-
built narrowband MPI scanner, a point phantom with 2 mm
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Figure 8. Experimental results of normalized image intensity vs position curves of the phantoms with 8.5 mg ml−1. The left column shows
the reconstructed 1D curve of normalized image intensity vs x position (zFFP = 0), while the right column shows the reconstructed 1D curve
of normalized image intensity vs z position (xFFP = 0). The sub-figures from the 1st row to 4th rows show the measured data in different
excitation magnetic fields. Symbols are experimental data whereas solid lines are guides to the eyes. In (d) an example for cmax and is cmin
shown for a distance of 2 mm.

Table 1. Summary of the distinguishability of the two lines in the phantom experiments with an iron concentration of 8.5 mg ml−1 at
different magnetic fields: distinguishable (3) and not distinguishable (8).

4 mT 6 mT 8 mT 10 mT

d = 0.5 mm 3 3 8 3 8 8 8 8

d = 1.0 mm 3 3 3 3 3 3 3 3

d = 1.5 mm 3 3 3 3 3 3 3 3

d = 2.0 mm 3 3 3 3 3 3 3 3
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Figure 9. Experimental results of modulation transfer function in x- and z-directions at different excitation magnetic fields for three
different-concentration SPION samples of 8.5 mg ml−1, 4.3 mg ml−1 and 1.1 mg ml−1.

diameter in the xz plane and 3 mm length in y direction was
filled with 9.4 µl Perimag® SPIONs with different concentra-
tions ranging from 8.5 mg ml−1 to 13 µg ml−1 (iron weight
ranging from 80 µg to 122 ng). The phantom was imaged at
different Hac with a FOV of 4 mm × 4 mm in the xz plane.

Figure 11 shows the reconstructed 2D images of the point
sample. It shows that the spot sample is discernable down to
27 µg ml−1 at all amplitudes in the range from µ0Hac = 4 mT
to µ0Hac = 10 mT. However, the reconstructed image of the
point sample with 27 µg ml−1 iron concentration at 4 mT
has quite strong artifacts at the left edge. When decreasing
the iron concentration from 27 µg ml−1 to 13 µg ml−1, the
point phantom is not reproducibly detectable at any magnetic
fields. In principle, with increasing Hac to 10 mT, the 3rd har-
monic gets stronger, allowing a better LOD. However, the
measured/reconstructed image cannot detect the point sample.

One of the reasons may be that before the measurement of the
raw image, a blank measurement of the feedthrough signal at
15 kHz due to THD should be measured. At 10 mT, the feed-
through is not very stable, thus worsening the measured raw
image. Another possible reason may be that the LOD is in the
range between 13 µg ml−1 and 27 µg ml−1. It is possible to
detect the point sample with iron concentration of 27 µg ml−1

but not with iron concentration of 13 µg ml−1. To sum up,
according to the measured and reconstructed images, the LOD
of the current MPI scanner is about 27 µg (Fe) ml−1, corres-
ponding to 254 ng in terms of iron weight.

3.4. Logo image

To further demonstrate the performance of the narrowband
MPI, a ‘complex’ phantom—our institute logo ‘EMG’—was
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Figure 10. Spatial resolution at different magnetic fields in (a) x- and (b) z-directions, calculated from the MTF. Symbols are experimental
results whereas solid lines are guide to the eye.

Figure 11. Reconstructed images of a point phantom with different-concentration SPION samples at different excitation magnetic fields.
The reconstruction is possible down to a concentration of 27 µg ml−1 at all amplitudes (total amount of 254 ng iron).

filled with 8.5 mg ml−1 Perimag® SPIONs for experiments.
Figure 12 shows the photo of the emg logo phantom and the
reconstructed image. The imaging FOV is 34 mm × 10 mm
in x- and z-direction. Considering the spatial resolutions
and the SNR at different µ0Hac, the image was measured
at µ0Hac = 6 mT. The reconstructed image, as shown in
figure 12(b), can clearly resolve the designed logo. At the
upper and lower edges in z-direction, there are some blurring in
addition to the artifacts, which may come from some SPIONs
at the edge (see figure 12(a)) during preparation. In addition,
some signal dropout happened in the letter ‘e’ (see the white
dash arrow). Nevertheless, the logo image demonstrates the
feasibility of the narrowband MPI for SPION imaging.

4. Discussion

In this paper, the imaging concept of a single harmonic-based
narrowbandMPI is introduced. Based on the imaging concept,
the narrowband MPI scanner is built to generate a scanning
magnetic field for FFP movement and an excitation mag-
netic field for SPION excitation, as well as to only meas-
ure the 3rd harmonic of the SPIONs induced in the excita-
tion magnetic field. The built narrowband MPI scanner uses
a low-frequency scanning magnetic field for the FFP scan-
ning in the imaging FOV and a high-frequency excitationmag-
netic field for the SPION excitation, instead of high-frequency
and large-amplitude DFs for simultaneous FFP scanning and
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Figure 12. (a) Photo of the emg-logo phantom image filled with SPIONs. (b) Reconstructed images of the emg logo.

SPION excitation in general broadband MPI scanners. For
reconstruction, the PSF or system matrix can be measured
by changing the scanning magnetic fields, which signific-
antly reduces the consumed time compared to general system
matrix-based MPI approach.

The narrowband MPI scanner employed quasi-static mag-
netic field (1 Hz) for FFP scanning in z-direction, allowing a
1D imaging speed of 2 frames s−1. Due to the low frequency,
the coils for the generation of the scanning magnetic fields
can be wrapped with large-diameter copper wires with a large-
amount turns with no needs to take into account the skin effect
and self-capacitance. The THD of the scanning magnetic field
does not play significant roles, but accurate measurements of
the strength of the scanning magnetic fields for the calculation
of the FFP position. Currently, it takes 1 s to acquire a 1D
image in z-direction with the built MPI scanner. To acquire an
image with a dimension of 71 pixels × 41 pixels in xz plane,
it takes about 5 min, including 71 s for data acquisition and
the other extra time for mechanical scanning. By implement-
ing the electrical scanning in x direction and increasing the
frequency of the scanning magnetic field, the consuming time
can be significantly reduced to a few seconds to achieve fast
imaging, but not real-time imaging, similar to the superspeed-
travelling wave MPI scanner (2D 1840 frames s−1) [56] or
the commercial scanner from Bruker Biospin MRI GmbH (3D
46 frames s−1) [34]. Note that the FOV in the proposed nar-
rowband MPI approach is independent of the excitation mag-
netic field Hac. For instance, the scanning magnetic field Hs

with amplitude of 17.6 mT allows an FOV of 8 mm in z-
direction with the gradient magnetic field of 4.4 T m−1 in
z-direction.

In broadband MPI scanners, the generation of the drive
magnetic fields with high frequencies, e.g. 25 kHz and 45 kHz,
and high amplitudes, e.g. 20 mT, is quite challenging by taking
into account the THD. In the built narrowband MPI scanner,

only a 1D excitation magnetic field with a few mT amplitude,
e.g. minimal 4 mT in this paper, is required to excite the SPI-
ONs. Due to the low field strength, it is comparably easy to
generate the excitation magnetic field with a nice THD. In
addition, the efforts for filter design are also reduced. The built
MPI scanner employs an excitation frequency of 5 kHz due
to desired SPION spectra with significant contribution from
Brownian relaxation. Although the 5 kHz excitation frequency
is lower than that in standard broadband MPI scanners, e.g.
25 kHz, it can be simply increased by changing the imped-
ance matching of the excitation coil and the band-pass filter
on the excitation side, as well as the resonance frequency on
the detection side. Therefore, the presented single harmonic-
based narrowband MPI approach simplifies the MPI hardware
and the implementation.

In this paper, phantom experiments indicate that the
achieved spatial resolution is 0.5 mm in both x- and z-direction
at Hac = 4 mT with 4.4 T m−1 and 2.2 T m−1 gradients in x-
and z-directions. The spatial resolutions are worsened to about
1.2 mm in x-direction and 0.7 mm in z-direction when increas-
ing the excitation magnetic field to 10 mT. To date, the spatial
resolution of MPI is in the order of sub-millimeter, depending
on the gradient of the selection magnetic field and the shape
of the SPION magnetization curve [29–31]. Previous studies
have already demonstrated that a high spatial resolution can
be achieved by decreasing the DF amplitude [36, 37, 57, 58].
The reported approach in this paper allows a better spatial res-
olution than that reported with the x-space MPI scanner when
increasing the gradients to 6 T m−1 or 7 T m−1, as well as
other narrowband MPI approaches [39, 40]. Even compared
with the approaches of pulsed and Néel-relaxation modulated
MPI, the presented single harmonic-based narrowband MPI
approach is comparable and promising.

In the built single harmonic-based narrowband MPI scan-
ner, we have implemented a resonance circuit to amplify the
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3rd harmonic of the SPIONs at 15 kHz. We achieve an LOD
of 254 ng iron without any shielding or further efforts in the
design of pre-amplifier. The currently achieved LOD is about
50 times worse than the best achieved LOD (about 5 ng iron
with an acquisition time of 2.14 s) with the commercial MPI
scanner from Bruker. However, there are several points that
can be improved to push the LOD. The first one is that with
increasing the excitation frequency from 5 kHz to 25 kHz or
45 kHz—used frequencies in the commercial MPI scanners—
the LOD of the designed single-harmonic narrowband MPI
scanner in principle can be further improved due to Faraday’s
law and high-Q in the receive coils. Secondly, we prelimin-
arily measured the noise of our single harmonic-based nar-
rowband MPI scanner, which mainly comes from the pre-
amplifier and the external radio-wave noise. Since it has not
yet been implemented with on-site shielding or in a shielding
room, radio-wave noise is amplified by the resonance circuit,
which also limits the LOD. An on-site shielding can be used to
improve the LOD. Lastly, the used pre-amplifier was built with
an AD8221 with a noise level of 8 nV Hz−1/2. Since the detec-
tion coil works at a resonance frequency of 15 kHz, the imped-
ance of the receive side is very high in the order of 10 kΩ. The
noise of the pre-amplifier—about 50 nV Hz−1/2—comes from
both current and voltage noise. With further improvement in
the pre-amplifier, we believe that the noise of the pre-amplifier
can be improved down to 1 nV Hz−1/2 by a factor of around
50. Based on the statements above on an increase in excita-
tion frequency, implementation of shielding and pre-amplifier
improvement, we believe that the LOD may be improved to
the order of 5 ng iron mass.

Considering all the factors involved in MPI, e.g. hard-
ware design efforts, spatial resolution, sensitivity and safety,
the single-harmonic-based narrowband MPI presented in this
paper is a very promising approach to reach a good trade-off in
spatial resolution and LOD without bringing significant issues
in safety.

5. Conclusion

In this paper, we systematically investigated a single-harmonic
based narrowband MPI. The concept of the narrowband MPI
was introduced while the single harmonic-based narrowband
MPI scanner was built to visualize the spatial distributions of
SPIONs. Different phantom experiments were performed to
demonstrate the feasibility of the narrowband MPI for SPION
concentration imaging. In addition, FWHM and MTF were
measured and used as different metrics to comprehensively
evaluate the spatial resolution, as well as its dependence on
the strength of excitation magnetic field. The LOD of the
custom-built MPI scanner was determined based on images
of phantoms with SPIONs with different concentrations. The
proposed narrowband MPI approach simplifies the MPI scan-
ner design and the measurement of PSF and system matrix,
but still allows good performance in terms of spatial resolu-
tion and LOD.We envisage that the present methodology is an
alternative MPI approach, showing promising performance in
terms of spatial resolution and LOD.We believe that our study

is of great interest and importance to biomedicines, including
molecular imaging, cell tracking and targeted drug delivery.
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