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Purpose: Magnetic particle imaging (MPI) allows fast imaging of the spatial distribution of super-
paramagnetic iron-oxide based nanoparticles (SPIONs). Recent research suggests that MPI further-
more promises in-vivo access to environmental parameters of SPIONs as temperature or viscosity.
Various medical applications as nanomedicine, stem cell-based therapies or magnetic hyperthermia
could benefit from in-vivo multiparameter estimation by MPI. One possible approach to get access to
functional parameters is particle excitation at multiple frequencies. To enable the investigation of the
mentioned approach, a novel MPI device capable of multifrequency excitation is needed.
Methods: MPI usually employs analog band-stop filters to cancel the drive field feed-through, which
is magnitudes higher than the particle signal. To enable drive field frequency flexibility over a wide
bandwidth, we propose a combined passive and active drive field feed-through compensation
approach. This cancellation technique further allows the direct detection of the SPIONs’ signal at the
fundamental excitation frequency.
Results: A combined feed-through suppression of up to�125 dB is reported, which allows to adjust the
drive field frequency from 500 Hz to 20 kHz. Initial spectroscopic measurements and images are shown
that demonstrate the concept of multifrequency excitation and prove the imaging capability of the pre-
sented scanner. A mean signal-to-noise ratio (SNR) enhancement by the factor of 1.7 was shown when
the first harmonic is used for measurement-based image reconstruction compared to when it is omitted.
Conclusions: In this paper, the first one-dimensional multifrequency magnetic particle imaging (mf-
MPI) that features adjustable excitation frequencies from 500 Hz to 20 kHz is presented. The device
will be used to study the principle of multiparameter estimation by employing multifrequency excita-
tion. © 2019 The Authors. Medical Physics published by Wiley Periodicals, Inc. on behalf of
American Association of Physicists in Medicine. [https://doi.org/10.1002/mp.13650]
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1. INTRODUCTION

Magnetic particle imaging (MPI) is a noninvasive imaging
modality that determines the spatial distribution of superpara-
magnetic iron-oxide based nanoparticles (SPIONs) in-vivo.1,2

It exploits the characteristic nonlinear magnetization function
of SPIONs, which leads to a distorted magnetization response
to sinusoidal magnetic excitation. Hence, the particle
response shows higher harmonics in the frequency domain,
rendering the signal distinguishable from the excitation (or
drive) field feed-through. MPI provides fast imaging with
high spatial resolution and sensitivity, while no ionizing radi-
ation is used. Currently, much effort is made to improve the
performance of MPI in regard to these key parameters.3–6

They mainly depend on the hardware of the MPI system,
imaging parameters, reconstruction techniques, as well as on
the tracer properties.2,7 Current commercial preclinical scan-
ners feature a temporal resolution of several tens of millisec-
onds, a spatial resolution of about 1 mm, and a detection
limit of approximately 5–20 ng(Fe).3,4

One very promising feature ofMPI regarding current biolog-
ical and medical research and potentially future clinical

applications is extracting functional parameters from the
SPIONs’ local environment. The information on the parameters
of interest is encoded in the particle relaxation times s, which
can be reconstructed from the magnetic response of the SPIONs
to the magnetic excitation field. Several methods to measure
temperature or viscosity, distinguish N�eel or Brownian contri-
bution or assess cell vitality have been developed.8–14

Various medical applications could benefit from noninva-
sive in-vivo access to functional parameters as MPI is promis-
ing. During applications as magnetic hyperthermia,15–17

thermally activated drug delivery,18 or thermally controlled
gene therapy,19 in-vivo temperature monitoring is required for
dosage control. Information on environmental viscosity and/
or the particles’ mobility can be employed to distinguish
between intra- and extracellular sites or assess cell vitality,
which may be used for medical applications as nanotherapy
or cell tracking during stem cell-based therapies.13,14,20

One promising approach to get access to functional
parameters is particle excitation at multiple frequen-
cies.10,13,21,22 By multifrequency excitation, the frequency
dependence of the relaxation times can be obtained and
employed for parameter estimation. The drive field frequency
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dependence is mainly caused by the different relaxation
mechanisms, which are N�eel (internal magnetization change)
and Brownian relaxation (rotation of bulk material). Recently,
Viereck et al. developed a one-dimensional (1D) scanner that
uses two frequencies (10 and 25 kHz) for excitation that are
fixed by hardware design to estimate particle mobility.13

However, to enhance the access to the mentioned parameters,
a signal chain that allows for a wide range of adjustable fre-
quencies is required. Only magnetic particle spectrometers
(MPS) that feature this kind of frequency flexibility have
been developed.21–23 To the knowledge of the authors, an
MPI scanner that offers a wide range of excitation frequencies
and imaging capability has not been published before.

Conventional MPI systems usually employ resonantly pow-
ered excitation fields for reactive power handling and filtering
of power amplifier (PA) distortions. Additionally, the receive
chain usually features a narrow band-stop filter to cancel the
direct drive field feed-through that is orders of magnitudes
higher than the particle signal. The feed-through would render
SPION detection impossible, due to the limited dynamic range
of the analog-to-digital converter (ADC) as well as possible
damage/saturation to the receive electronics.24

To enable multifrequency excitation, the mentioned fre-
quency selective approaches have to be avoided. Therefore,
we propose a combined passive and active drive field feed-
through compensation approach. Passive precompensation is
realized by a custom designed gradiometer-transmit coil.
Then, an active compensation signal is applied via an injec-
tion transformer to reduce the residual feed-through remain-
ing from the passive compensation stage.

Passive cancellation approaches employing gradiometer
coils as well as active cancellation techniques have already
been implemented in separate systems.3,22,24,25 However, the
combination of both mentioned feed-through cancellation
approaches in one MPI device to enable multifrequency exci-
tation and imaging is a novel strategy.

The proposed compensation technique allows for broadband
excitation and further provides direct access to the fundamental
frequency of the particle signal. Thus, the signal-to-noise ratio
(SNR) can be potentially increased and linearity and shift
invariance (LSI) system properties can be maintained without
performing fundamental harmonic recovery methods.26,27 Fur-
thermore, the combined compensation method allows to simul-
taneously or sequentially apply multiple frequencies and use the
acquired multifrequency data for image reconstruction. The
dynamic range of the ADC can be adjusted to the extent of the
first harmonic, leading to a minimization of quantization noise.

In this paper, we present the first experimental 1D multi-
frequency magnetic particle imaging (mf-MPI) scanner that
provides frequency flexibility from 500 Hz to 20 kHz.

2. MATERIALS AND METHODS

2.A. System overview

The signal chain of the proposed 1D mf-MPI scanner
is shown in Fig. 1. The drive field and the active

compensation signal is generated by an arbitrary waveform
generator Keysight E33512B that is remotely controlled by
the computation unit (CPU). The drive field signal is
amplified by a high-performance PA AE Techron 7796
and then passes the transmit/receive (TX/RX) stage, where
the SPION detection and passive precompensation take
place. The signal after the passive compensation stage in
frequency space can be seen in Fig. 1(b), graph 3. The
drive field feed-through is attenuated, but still exceeds the
first harmonic of the particle response. The signal then
enters a low-loss injection transformer, where the active
compensation signal is fed into the receive chain. The sig-
nal after the active compensation stage is shown in
Fig. 1(b), graph 4. The feed-through is now suppressed
below the level of the fundamental harmonic. In difference
to scanner setups that use band-stop filters in the receive
chain [Fig. 1(b), graph 2], the first harmonic can be
detected directly and used for image reconstruction. After
amplification by a Stanford research systems preamplifier/
low-noise-amplifier (LNA) model SR560 the signal is dig-
itized by an Adlink PCIe-9852 ADC that is connected to
the CPU. Thus, the signal chain provides a feedback loop,
which is required for active compensation.

In order to provide sufficient shielding also at lower fre-
quencies, a shielding cabin of 2 mm thick copper sheets was
designed and manufactured (Fig. 2). It contains the TX and
RX coils and compensation electronics including the injec-
tion transformer. For the acquisition of system matrices as
well as accurate positioning of samples, a controllable robot
(isel-automation) is used.

The scanner features a linear x gradient of 0.7 T/m gener-
ated by permanent neodymium magnets, with a 30 mm field
of view (FOV) achievable. The magnets are fixed in a mount-
ing partially three-dimensional (3D)-printed and partially
made of polyvinyl chloride (PVC) placed around the cylindri-
cal copper shield of the TX/RX coil system (Fig. 2).

2.B. Passive compensation

Passive precompensation of the drive field feed-through
was realized by inductive decoupling of separate transmit
(TX) and receive (RX) solenoid coils in a 1D gradiometer
coil design (Fig. 3). The inner bore diameter of the solenoid
RX coil LR is 33 mm and its length is 70 mm, enabling
imaging applications of small animals or phantoms. It is
placed inside the gradiometric TX coil and can be moved
along the longitudinal (x-)axis to achieve fine tuning. To
reduce resistance and avoid skin effect, Pack Litz wire of 1.5
and 3 mm diameter was used for the RX coil and TX coil,
respectively. The gradiometric TX coil is realized as a three-
section arrangement.28,29 The peripheral segments LC are
wound in the opposite direction to the central segment LT .
Hence, they induce a voltage in the receive coil, which can-
cels out the voltage induced by LT.

The coupling between the TX and RX coil was minimized
to maximize the feed-through cancellation. Therefore, the
mutual inductance was minimized in the thin-wire

Medical Physics, 46 (9), September 2019

4078 Pantke et al.: Multifrequency MPI 4078



approximation:
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(1)

where M0 is the mutual inductance between the transmit sec-
tion LT and LR, M1 is the mutual inductance between the can-
cellation section LC and LR and AC, AT , as well as AR are the
cross sections of the respective coils. Fine tuning was
achieved by connecting the coils to a network analyzer Key-
sight E5061B and adjusting the position of the RX coil until
the power transfer between TX and RX was minimized. A
power transfer measurement with disconnected cancellation
part LC served as a reference and was subtracted from the
measured power transfer.

2.C. Active compensation

A custom-made low-loss injection transformer placed out-
side the bore but inside the shielding cabin is used to actively
apply a compensation signal that removes the drive field
feed-through remaining from the passive compensation stage.
The transformer is made of 1.5 mm thick Litz wire. The
inductance relation from primary to secondary coil is 24.9 to
23.4 lH. The measured coupling factor of the transformer is
0.88. As the current prototype does not include active cooling
of the coils, pulsed mode operation has been chosen to avoid
overheating. However, the coils and the shielding cabin are
designed to support active cooling, which will be imple-
mented in the future to enable continuous mode operation.

For cancellation, the active compensation signal needs to
resemble the inverse of the feed-through after passive

FIG. 1. (a) Signal chain of the experimental one-dimensional multifrequency magnetic particle imaging (mf-MPI): The excitation signal as well as the compensa-
tion signal are computed in software and converted to analog signals by a Keysight E33512B waveform generator. The drive field signal is amplified by an AE
Techron 7796 power amplifier (PA) and then fed into the gradiometric transmit (TX) coil. The sensed superparamagnetic iron-oxide based nanoparticle (SPION)
signal together with the drive field feed-through pass a low-loss injection transformer, where the active compensation signal is fed into the receive chain. After-
ward, the signal is amplified by a Stanford research systems low-noise-amplifier (LNA) SR560 and then digitized by an Adlink PCIe-9852 analog-to-digital con-
verter (ADC) that is connected to the computation unit (CPU). b) Drive field feed-through (red) and particle signal (blue) in frequency space of different scanner
setups and at different positions of signal chain: 1) Drive field feed-through is magnitudes higher than the particle signal if it is not filtered or compensated. 2)
Received signal when band-stop filter is used. 3) Signal after passive compensation stage of the mf-MPI. 4) Signal after passive and active compensation. Direct
access to fundamental harmonic of the particle signal is provided. An elaborate description of the active compensation process is given in Section 2.C. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

FIG. 2. Experimental setup for multifrequency magnetic particle imaging (mf-MPI): 1) arbitrary waveform generator, 2) power amplifier (PA), 3) shielding
cabin, 4) low-noise-amplifier (LNA), 5) selection field generating magnet, 6) transmit/receive (TX/RX) coils, 7) robot. [Color figure can be viewed at wileyon
linelibrary.com]
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compensation, which shows nonlinear amplitude and phase
drifts mainly due to heating of electrical components. There-
fore, an active feedback of the feed-through after both com-
pensation stages is needed. For that purpose, an active
compensation control (ACC) was implemented that allows to
minimize the residual feed-through, which is measured at the
input of the ADC. One iteration of the ACC is illustrated in
Fig. 5(a). In the current prototype, the active cancellation sig-
nal is updated after every particle scan. The scan duration can
be set by software. Prior to each scan, the robot moves the
sample out of the bore and a compensation measurement
(calibration) is performed. This is an empty measurement,
which is used to determine the active compensation signal
that cancels the actual drive field feed-through including the
drift. Since the feed-through after only passive compensation
would still saturate the receive electronics, disturbing the
ACC algorithm and leading to possible damage of the LNA,
an initial compensation signal is necessary. The initial com-
pensation signal was determined once in a calibration, for
which the drive field frequency was varied. Since only the
residual feed-through after both compensation stages
Vn
mðx;un

mÞ can be measured, the actual drive field feed-
through Vn

Dðx;un
DÞ is calculated from the known applied ini-

tial compensation signal Vn
Cðx;un

CÞ:
Vn
Dðx;un

DÞ ¼ Vn
mðx;un

mÞ � Vn
Cðx;un

CÞ: (2)

Finally, the calculated feed-through Vn
Dðx;un

DÞ after only
passive compensation is used to derive the compensation sig-
nal for the next period Vnþ1

C ðx;unþ1
C Þ by applying a 180�

phase shift:

Vnþ1
C ðx;unþ1

C Þ ¼ Vn
Dðx;un

D þ pÞ: (3)

The algorithm is further optimized by adding the phase
drift between two pulses Du ¼ unþ1

D � un
D interpolated

from the previous iterations:

Vnþ1
C ðx;unþ1

C Þ ¼ Vn
Dðx;un

D þ pþ DuÞ: (4)

2.D. Spectroscopic measurements

To prove the concept and functionality of multifrequency
excitation with the presented mf-MPI, initial spectroscopic
measurements (no selection field) were performed. Frequency
spectra of a 100 ll Perimag� (micromod Partikeltechnologie
GmbH) sample with an iron concentration of 8.5 mg/ml were
acquired. Perimag� consists of clustered core particles with a
hydrodynamic diameter of 130 nm including a dextran coat-
ing. The drive field frequency was varied between 1 and
20 kHz in 1 kHz steps and the drive field strength was
decreased linearly from 10 mT at 1 kHz to 5 mT at 20 kHz.
The sample was placed at the tip of a rod connected to the
robot and positioned in the center of the FOV.

2.E. Imaging measurements

To demonstrate the imaging capability of the presented
device, phantom images were acquired. Several drive field fre-
quencies were used for acquisition; these were 5, 7, 10, 13, and
15 kHz. Each image was acquired five times for averaging.
The phantom consists of two samples longitudinally aligned
along the x-axis of the bore. The dimensions of the samples
are 1 9 1 9 2 mm (x,y,z), corresponding to 2 ll each. The
distance between the sample centers is 3 mm. Perimag� with
an iron concentration of 8.5 mg/ml was used. The applied
sinusoidal drive field amplitude of the respective excitation
frequency was 7 mT. The 3D-printed phantom is designed to
easily be pulled over the tip of the rod that is mounted on the
robot. Measurement-based image reconstructions were per-
formed by acquiring system matrices and employing the Kacz-
marz method.30 The system matrices vary in the applied drive
field frequencies. They were generated using a drive field
strength of 7 mT. The sampling grid featured 49 sampling
positions with 0.5 mm space between each position leading to
a FOV of 24 mm. The dimensions of the Perimag� delta sam-
ple were 1 9 1 9 2 mm (x,y,z). The reconstruction parame-
ters were kept constant for all reconstructions of the phantom.
50 iterations were used, the regularization parameter was set to
zero and all frequency components besides the harmonics of
the excitation signals were omitted.

3. RESULTS

3.A. Passive compensation

Figure 4(a) shows the computed mutual inductance M
divided by M0 as a function of the winding number of the
outermost layer of LC. The winding number minimizing the
coupling that results from the calculation was rounded up
due to manufacturing reasons and the TX coils were wound
in accordance to that. Fine tuning was performed by adjusting
the position of the RX coil relative to the TX coil. The mea-
sured power transfer between TX and RX subtracted by the

FIG. 3. CAD sketch of transmit (TX) and receive (RX) coil design for pas-
sive precompensation. The gradiometric TX coil is wound on top of the RX
coil LR (red) and subdivided in three sections. The peripheral segments of
the TX coil LC (yellow) are wound in two layers and the opposite direction to
the central segment LT (blue). [Color figure can be viewed at wileyonlinelib
rary.com]
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reference measurement is depicted in Fig. 4(b). In the fre-
quency range from 0.5 to 100 kHz, the drive field feed-
through attenuation is between �45 and �59 dB. The maxi-
mum suppression can be observed at approximately 16 kHz.
The frequency dependence is discussed in Section 4.

3.B. Active compensation

The additional suppression achieved by active compensa-
tion was determined by running eight iterations of the ACC
and measuring the difference of the feed-through at iteration
0 (here the compensation signal amplitude is set to zero; the
LNA gain was reduced to prevent the receive electronics from
saturation) and after active compensation (mean of iteration
2–7) was applied. The drive field pulse duration was 20 ms
and the amplitude was 5 mT. This was done for several fre-
quencies between 0.5 and 20 kHz. Each ACC run was
repeated five times for averaging. Figure 5(b) top shows the
convergence of the ACC for the two applied drive frequen-
cies: 5 and 20 kHz. The residual feed-through reaches a
steady state after maximum two iterations. An additional
reduction of the feed-through between �63 (0.5 kHz) to
�68 dB (10 kHz) was measured. The mean additional feed-
through suppression by active compensation was
�66 � 2 dB. This is depicted in Fig. 5(b) bottom. In total,
attenuation values up to �125 dB were achieved (Table I).

3.C. Spectroscopic measurements

Figure 6 top shows the odd harmonics that are generated
by various spectroscopic acquisitions of a 100 ll Perimag�

sample. All measurements throughout the applied excitation
frequencies are depicted in one graph by placing the values
belonging to one specific harmonic next to each other. The
excitation frequency is color encoded. The noise floor is at
approximately �10 dBmV, while no averaging was applied.
Although the excitation field is decreasing linearly, a signal
increase of the fundamental harmonic can be observed for
rising frequencies, resulting primarily from Faraday’s law of
induction. Furthermore, the harmonics are converging faster
with increasing excitation frequency. To show the influence
of the excitation frequency on the decay of the higher

harmonics, the amplitude difference between 1st and 19th
harmonic DA ¼ A1 � A19 is depicted in Fig. 6, bottom. The
amplitude drop increases linearly on logarithmic scale from
32 dB at 1 kHz to 65 dB at 20 kHz.

To exclude a frequency-dependent influence of the receive
chain on the harmonic spectrum, the power transfer of the
receive chain was measured and used to correct the results of
the spectroscopic measurements by these data. Figure 7
depicts the absolute power transfer (blue) of the mf-MPI
receive chain (RX coil–LNA) and the phase of the receive
chain (orange). A small pick-up coil connected to the output
port of a network analyzer was used to determine the receive
chain power transfer. The pick-up coil was driven into the
center of the RX coil. The output of the LNA was connected
to the input port of the network analyzer. The coupling
between the pick-up coil and RX coil was determined sepa-
rately and subtracted from the overall power transfer (pick-up
coil–RX coil–LNA). The LNA features an internal low-pass
filter, which was set to 1 MHz. This can be observed in the
power transfer plot. Apart from that, the receive chain shows
a very uniform gain between 500 Hz and approximately
100 kHz.

3.D. Imaging measurements

Figure 8 left shows the absolute values of the measured
system functions at the first 15 frequency components in a
3D plot. The y-axis labels the frequency components. k = 1
indicates the fundamental frequency. The x-axis labels the x-
position of the delta sample. The system matrices varying in
the applied drive frequencies are plotted next to each other on
the x-axis and are color encoded. As already observed in the
spectroscopic measurements, the signal drop between first
and seventh harmonic is bigger for increasing excitation fre-
quencies. Note, that also the system function’s first order is
displayed, which cannot be done with single excitation fre-
quency devices. For particles with an ideal Langevin behav-
ior, the 1D system function can be described by the
Chebyshev polynomials of the second kind.5,31 This pattern
can be observed in the plots.

In Fig. 8 right, the normalized magnitudes of the fre-
quency components k = 3, 6, and 9 are exemplarily depicted

FIG. 4. (a) Calculated mutual inductance M divided by M0 as a function of the winding number n of the outermost layer of LC . A thin-wire approximation (1)
was used for computation. Due to manufacturing reasons, the winding number was rounded up to 5. (b) Broadband feed-through attenuation by passive decou-
pling using a gradiometric coil design: Power transfer TX-RX measured by a network analyzer (differential mode). The measured power transfer was subtracted
by a reference measurement for which the cancellation coils were disconnected. [Color figure can be viewed at wileyonlinelibrary.com]
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for each drive frequency. Aside from the absolute amplitudes,
the system matrices at the respective harmonic orders slightly
differ from each other. Depending on the excitation fre-
quency, they are slightly compressed or stretched.

Figure 10 shows a comparison of phantom image
reconstructions with and without using the system func-
tion’s fundamental harmonic. Five different excitation fre-
quencies were applied and the respective acquired system
matrices were employed for image reconstruction: 5, 7, 10,
13, and 15 kHz. The line profiles along the x-axis (a) as
well as the gray value images (b) are shown. Both are nor-
malized to the respective maximum intensity of each
acquisition. The phantom images could be reconstructed
successfully with all applied drive frequencies. When the
fundamental frequency is omitted in the reconstruction
process, an overall SNR decrease from 15.2 to 8.8 can be
observed. Hence, the SNR was increased by a factor of
1.7 when the fundamental harmonic was employed. The
SNR was quantified by defining regions of signal (line
profile amplitude of “true” phantom — seen in Fig. 10(a),
bottom right — is one) and regions of noise (amplitude is
zero) for each sample peak in each image and dividing
the mean values. The SNR values of the individual recon-
structions can be seen in Table II. The raw time domain
data are shown in Fig. 9.

4. DISCUSSION

The gradiometer coil dimensions and winding numbers
were determined by minimizing the coil’s mutual inductance
[Fig. 4(a)]. Only little fine tuning by adjusting the position of
the RX coil with respect to the TX coil was necessary until
the power transfer between TX and RX was minimized and a
passive compensation up to �59 dB was measured (Fig. 4).
The frequency dependence results from capacitive coupling

FIG. 5. (a) Flowchart of one iteration of the active compensation control (ACC). The compensation signal for the next iteration is calculated from the measured
compensated signal after both compensation stages and the known applied compensation signal. Then, the sample is moved into the bore and a particle scan is
performed. The compensation signal is updated after each particle scan. During the ACC performance test, no particle scans were performed. (b) Top: Conver-
gence of the ACC exemplarily shown for two excitation frequencies: 5 and 20 kHz. At each drive frequency, eight iterations were performed and the ACC was
applied five times for averaging. The residual feed-through reaches a steady state after maximum two iterations. Bottom: Feed-through suppression as difference
of initial iteration 0 and mean of iterations 2–7. The measured mean attenuation was �66 � 2 dB. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE I. Drive field feed-through attenuation by passive, active, and com-
bined passive and active compensation (total).

Frequency Passive compensation Active compensation Total

0.5 kHz �45 dB �66 � 2 dB �111 � 2 dB

1 kHz �50 dB �66 � 2 dB �116 � 2 dB

5 kHz �56 dB �66 � 2 dB �122 � 2 dB

10 kHz �59 dB �66 � 2 dB �125 � 2 dB

15 kHz �59 dB �66 � 2 dB �125 � 2 dB

20 kHz �59 dB �66 � 2 dB �125 � 2 dB

FIG. 6. Top: odd harmonics of a 100 ll Perimag� sample generated by
applying various drive field frequencies between 1 and 20 kHz. The excita-
tion frequency is color encoded. The amplitudes are corrected by the receive
chain characteristics. The drive field amplitude was decreased linearly from
10 mT at 1 kHz to 6 mT at 20 kHz. Bottom: amplitude difference DA
between the first and 19th harmonic dependent on the drive field frequency.
The amplitude drop increases linearly on a logarithmic scale. [Color figure
can be viewed at wileyonlinelibrary.com]

Medical Physics, 46 (9), September 2019

4082 Pantke et al.: Multifrequency MPI 4082

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


between the two coils and the frequency-dependent nonuni-
form current distribution along the wire in each coil. The sup-
pression values reported by other research groups using
gradiometer coils for passive decoupling are comparable.3,22

The implemented ACC allows effective cancellation of the
fundamental harmonic in the currently used pulsed mode
operation. Figure 5 shows that only two iterations are neces-
sary to reach a steady state and suppress the drive field feed-
through by up to �66 dB in average.

A total cancellation of the drive field feed-through up to
�125 dB was achieved (Table I). Eighth-order band stop fil-
ters are theoretically able to suppress the drive field frequency

band by up to 160 dB.24,32 Thus, the combined feed-through
suppression that is reported here is close to the damping by
analog filters. Finally, it is sufficient to allow MPI applica-
tions.

However, there is still some potential to optimize the algo-
rithm in terms of absolute suppression: Since the residual
feed-through is measured at the ADC and only the active
compensation signal at the output of the waveform generator
is known, it is necessary to determine the transfer function of
the active compensation signal chain. In addition, small
amplitude and phase drifts are causing an error in the calcula-
tion of the active compensation signal. This is why a PID-
controller based algorithm for which no transfer functions are
needed will be implemented in the next version of the mf-
MPI. This will probably result in an increased feed-through
suppression by active compensation.

As the presented compensation technique is a broadband
cancellation approach, it provides excitation frequency flexi-
bility. This was shown by generated frequency spectra
acquired with excitation frequencies ranging from 1 to
20 kHz that are depicted in Fig. 6. Basically, two observa-
tions can be made coming along with increasing excitation
frequency that can be explained as follows: First, the gain of
the respective harmonic’s amplitude results from Faraday’s
law of induction. Second, the signal drop between 1st and
19th harmonic is most likely caused by relaxation effects.
The influence of the relaxation is getting more dominant with
rising frequency, since the difference between relaxation time
and cycle duration increases. A very uniform gain of the
receive chain can be observed across the frequency band

FIG. 7. Power transfer function (blue) of the multifrequency magnetic parti-
cle imaging (mf-MPI) receive chain [receive (RX) coil–low-noise-amplifier
(LNA)] and phase of receive chain (orange). The LNA features an internal
low-pass filter, which was set to 1 MHz. Apart from the filter behavior the
receive chain shows a very uniform gain between 500 Hz and approximately
100 kHz. To show that the drive frequency-dependent increase in signal drop
between first and 19th harmonic (Fig. 6) is not caused by the receive chain,
the results of the spectroscopic measurements were corrected by these data.
[Color figure can be viewed at wileyonlinelibrary.com]

FIG. 8. Left: absolute value of measured system matrices at the first 15 harmonic orders. Five system functions differing in the applied excitation frequency are
displayed next to each other on the x-axis. The first order k = 1 indicates the fundamental frequency with respect to the excitation. The respective higher harmon-
ics are placed in front to each other. The x-axis labels the x-position im mm for a specific excitation frequency and is repeating for each system function. The fun-
damental frequencies appear more noisy than the higher frequency components. This is addressed in Section 4, discussion. Right: normalized magnitudes of
frequency components k = 3, 6 and 9. The system matrices corresponding to the respective drive frequencies show differences apart from only the absolute inten-
sities. [Color figure can be viewed at wileyonlinelibrary.com]
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from 500 Hz to approximately 100 kHz in Fig. 7. Since the
data of the spectroscopic measurements are corrected by the
receive chain characteristics, one can exclude the RX chain
as a reason for the increasing signal drop between first and
19th harmonic observed in Fig. 6. The resonance at approxi-
mately 800 kHz, which is caused by the low pass filter is in
addition beneficial to enhance the SNR of higher harmonics.

In the current scanner setup, arbitrary frequencies up to
approximately 20 kHz can be chosen for excitation. The
magnetic field strength and applicable frequency range are
currently limited by the performance of the PA. Since a reac-
tive load and no band-pass filter is used in the transmit chain,
one must deal with harmonic PA distortions, which are get-
ting more prominent with increasing frequency and output
power corresponding to the drive field strength. For excita-
tion frequencies below 20 kHz, the distortions are in the
range of 120 dB less than the excitation signal. Thus, the
SPIONs’ response is not considerably influenced by the dis-
tortions. Currently, the maximum drive field is approximately
10 mT at 10 kHz and 6 mT at 20 kHz. A new PA will be
chosen in future to increase the applicable drive field fre-
quency and amplitude.

The generated system matrices (Fig. 8) visualize the direct
access to the fundamental frequency. Compared to all other
higher harmonics, the noise of first harmonic of the system
matrices is increased. The reason for this is the drive field
drift between the background measurement and the actual
measurement, which is not negligibly small. In addition, the
absolute values of the system matrices slightly differ in their
patterns. This can be observed in Fig. 8, right. The matrices
are slightly stretched or compressed depending on the applied

drive field frequency. The factor of stretching/compression
seems to be uniform throughout the frequency components
with respect to one specific drive field frequency. Hence, the
drive frequency modulates the system function, which sup-
ports the usability of mf-MPI for multiparametric MPI. A
higher viscosity of the delta sample would probably reveal
even greater differences of the system functions since it
would impede the Brownian rotation.13

The loss of the particle signal at the fundamental frequency
due to band-pass filtering is a considerable issue both when
doing measurement-based image reconstruction by a system
function5,33 or x-space reconstruction.34,26 The fundamental
frequency is crucial to provide LSI, which is needed for true
quantitative imaging. In addition, the fundamental harmonic is
needed to obtain the total point spread function (PSF), which
can be employed in postprocessing to improve image quality.
One method to recover the first harmonic is to estimate the lost
baseline information of the MPI image from partial overlap-
ping FOVs.26,27 The combined passive and active drive field
feed-through compensation approach that is introduced here,
does not need the acquisition of partial FOVs to recover the
fundamental harmonic, but provides direct access to the parti-
cle signal at the fundamental excitation frequency. This is dis-
played by the system functions (Fig. 8) and the spectroscopic
measurements (Fig. 6). The proposed compensation technique
avoids elaborate recovery of the fundamental frequency and
provides LSI properties. To the knowledge of the authors, the
presented mf-MPI is the first one-dimensional MPI scanner
that provides direct access to the first harmonic.

The reconstructed images (Fig. 10) prove the multifre-
quency imaging capability of the mf-MPI. Phantom images
were reconstructed successfully with all applied drive field
frequencies (5, 7, 10, 13, and 15 kHz) using the acquired sys-
tem matrices and the Kaczmarz approach. Two microliters of
Perimag� samples in a distance of 3 mm (center-to-center)
could be resolved clearly. The full width at half maximum
(FWHM) of the averaged reconstructions varying in the exci-
tation frequencies with and without using the first harmonic
was measured. The FWHM when using the first harmonic is
1.25 mm, compared to a FWHM of 1.48 mm when the fun-
damental frequency component is not employed. When omit-
ting the fundamental harmonic of the system matrices in the
reconstruction process, a noise increase by a factor of 1.72
can be observed in the reconstructed images and line profiles.
Thus, the results indicate that the SNR can be increased by
employing the fundamental harmonic. Small differences in

FIG. 9. Raw time domain data of phantom image acquisitions at different frequencies as detected by the analog-to-digital converter (ADC). Two cycles are
shown for each individual acquisition. The fundamental frequency can already be identified in the raw time domain data. [Color figure can be viewed at wileyon
linelibrary.com]

TABLE II. SNR values of multifrequency reconstructions with and without
employing the fundamental harmonic and the absolute difference. The SNR
was calculated by defining regions of signal and regions of noise according
to the phantom and dividing the mean values.

Excitation
frequency

SNR with first
harmonic

SNR without first
harmonic

Absolute
difference

5 kHz 9.9 9.3 0.6

7 kHz 16.5 6.8 9.7

10 kHz 14.9 8.0 6.9

13 kHz 9.2 7.9 1.3

15 kHz 25.7 12.8 12.9

mean 15.2 8.8 6.4–ratio:1.72
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location and width of the reconstructed images can be
observed. However, the mentioned parameters do not seem to
alter monotonically with the excitation frequency. One possi-
ble explanation is noise in the system, since no averaging was
used for the system matrix acquisitions. The dip in the image
of the left sample of the 15 kHz acquisition (Fig. 10) is as
well most likely due to noise in the system matrix or image
acquisitions. Note, that the selection field gradient of the
scanner is only 0.7 T/m in x direction. By using a steeper
gradient, the spatial resolution can be further increased.5

The proposed compensation method moreover enables the
application of waveforms that are different from sinusoidal
excitation as triangular, rectangular, ramps, or linear frequency
sweeps. This will require the active compensation to be appli-
cable for many frequency components, which will be imple-
mented in the next prototype. Recent studies indicate the
potential of these alternative drive field waveforms for MPI, as
it can affect spatial resolution or reduce reconstruction compu-
tational load.22,35,36 The option to simultaneously apply multi-
ple frequencies or use more than one frequency for image
reconstruction further has great potential to increase image
quality in terms of spatial resolution. A joint reconstruction
(JR) approach as it is known from multicolor MPI37 could be
used for image reconstruction if the acquisitions are performed
separately. This will be investigated further during this project.

The first implementation of an experimental 1D mf-MPI
that allows a flexible choice of drive field frequencies up to
20 kHz for image acquisitions was presented here. Thus, a
platform was developed that allows to further investigate the

principle of multiparametric MPI by using SPIONs as local
nanosensors. Recent studies have shown the potential of this
technique, including MPI thermometry, estimating viscosity,
Brownian/N�eel contribution or assessing cell vitality.9–11,13,14

5. CONCLUSION

A novel 1D experimental mf-MPI scanner was presented
here. Broadband drive field feed-through cancellation was
provided by a combined passive and active compensation
approach. Thus, drive field frequency flexibility from 0.5 to
20 kHz was enabled. In total, a combined drive field feed-
through suppression of up to �125 dB was achieved, which
proved to be sufficient to allow image acquisitions. The tech-
nique further provides direct access to the fundamental fre-
quency of the SPION signal. First images were acquired that
demonstrate the feasibility of the presented mf-MPI. Excita-
tion frequency dependent modulation of the system functions
were observed. An SNR enhancement by the factor of 1.7
was shown when the fundamental harmonic was employed
during image reconstruction. In subsequent steps of this pro-
ject, the presented scanner will be used to study the principle
of multiparameter estimation by employing mf-MPI.
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