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A B S T R A C T

Quantification and imaging of magnetic nanoparticles is of vital importance for various novel biomedical ap-
plications, like cell tracking, drug targeting or hyperthermia treatments. In this work we studied the performance
of magnetic resonance imaging (MRI) and magnetic particle imaging (MPI) for quantitative imaging of magnetic
nanoparticles (MNP). This was done by measurements of serial dilutions of MNP (Ferucarbotran) in two different
media (water and CuSO4 solution). The concentration range in which quantification was possible was de-
termined for each technique, and the influence of the environment was analyzed and discussed. This revealed a
significantly stronger influence of the surrounding medium on MRI performance as compared to MPI. All results
were validated by measurements using their respective zero-dimensional (spectroscopic) techniques nuclear
magnetic resonance and magnetic particle spectroscopy, showing similar behavior compared to the imaging
modalities. Physical explanations of all observed effects are given, and a concentration range is determined in
which the advantages of both imaging techniques can be utilized.

1. Introduction

Magnetic nanoparticles (MNP) are a prominent class of nanoma-
terials offering great opportunities for emerging biomedical applica-
tions [1]. The majority of these applications require, or highly benefit,
from knowledge of the MNP amount and distribution in vivo. One
possibility to obtain this information is to use magnetic resonance
imaging (MRI). This widely used clinical imaging technique is based on
measurements of a net magnetization generated by water protons in a
large homogenous magnetic field, which is manipulated by gradient
magnetic fields and radiofrequency pulses. This leads to the formation
of a precessing transversal magnetization, which can be measured by
inductive coils and used as the basis for the image reconstruction. The
measured signal decays over time based on two relaxation processes:
the longitudinal relaxation, characterized by the relaxation time T1, and
the transversal relaxation, characterized by the relaxation time T2.
Since these relaxation times are tissue dependent, different organs
generate different signals, causing the contrast in the MR images.

The presence of MNP distorts the magnetic field in their local en-
vironment, leading to a faster dephasing of the proton spin ensemble,
and hence a lower transversal relaxation time T2 [2–4]. Therefore, MNP
are visualized by a negative contrast and can be localized as “black

spots” in MRI images. Quantification is also possible, since the decrease
of T2 is inversely proportional to the MNP amount. However, the use of
MNP during MRI scans may also be problematic. Since the particles are
visualized by negative contrast a clear separation to other sources
creating field inhomogeneities, like air bubbles, can be ambiguous.
Quantification based on the shift of T2 requires knowledge of the initial
relaxation time without MNP. Furthermore, the relaxation times are
dependent on various parameters, which complicates the separation of
the influence of the MNP alone.

A novel MNP specific imaging modality, called magnetic particle
imaging (MPI), was introduced in 2005 [5]. This technique allows for
the fast acquisition of 3D volumes with a temporal resolution in the
milliseconds regime without using ionizing radiation. The basic concept
of this technique relies on the non-linear magnetic susceptibility of
MNPs. Excitation with oscillating magnetic fields superimposed by
static magnetic gradient fields (for spatial encoding) leads to the for-
mation of a response signal from the MNP, which can be measured and
used for the reconstruction of the 3D MNP distribution. The signal in-
tensity of each voxel is directly proportional to its MNP content. In MPI,
signal is only generated by the MNPs which allows MNP imaging
without signal contributions from the biological environment. Fur-
thermore, possible signal changes caused by the MNP mobility can be
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taken into account for image reconstruction. However, no anatomical
reference structures are imaged. Therefore, a second reference imaging
technique, for example MRI, is typically used.

As described MRI and MPI each have their own unique advantages
and disadvantages for the imaging and quantification of MNP. In this
work, we investigate the quantification performance of both techniques
in a simple phantom study. Of particular interest is the determination of
the MNP concentration regime for complementary MRI-MPI measure-
ments, in which the advantages of the respective method, the MNP
localization and anatomical imaging of MRI and the MNP quantification
of MPI, can be used.

2. Materials and methods

The quantification performance of both techniques is determined by
measurements of MNP diluted in purified water at different con-
centrations. For this study we used Ferucarbotran (Meito Sangyo,
Japan), which is the magnetically active part of the well-known MRI
contrast agent Resovist (Bayer, Germany), as well as a quasi-standard
reference material in MPI [6,7]. The magnetic particles consist of iron
oxide crystals with sizes of about 5 nm some of which form colloidally
stable clusters. The hydrodynamic diameter of the clustered particles is
about 60 nm. A detailed study of all relevant magnetic properties can be
found in [8,9]. Eight samples were prepared, each with a total volume
of 160 µL contained within fast reaction tubes (MicroAmp, 0.2 mL Appl.
Biosystems, USA) and iron concentrations ranging from 2.4 µmol/L-
0.187mol/L. The sample volume of 160 µL was chosen to have a suf-
ficiently large MRI signal generated by water protons and to minimize
air in the fast reaction tubes, which might lead to imaging artifacts in
MRI.

Since the MR relaxation times of pure water are very long (T1 and T2
of several seconds), a second sample series with a CuSO4-water solution
was prepared, to simulate more realistic biological relaxation times and
to demonstrate the importance of the relaxation times of the sur-
rounding medium for MNP quantification using MRI. The CuSO4 con-
centration was adjusted to 27mmol/L resulting in a T2 value between
50 and 70ms to mimick the MRI relaxation times of liver tissue at 1.5 T
[11]. A significant change of the viscosity compared to pure water is not
be expected [10]. Samples containing no MNP were measured in all
systems for reference.

The identical samples were measured individually using each ima-
ging techniques. In addition to spatially resolved MRI and MPI scan-
ners, their respective zero-dimensional (spectroscopic) methods, nu-
clear magnetic resonance (NMR) and magnetic particle spectroscopy
(MPS) were used. Thereby the effect of the MNP on the signal gen-
eration process of the respective imaging technique can be analyzed,
without the influence of the magnetic gradient systems used for spatial
encoding. In the following sections each system and the measurement
protocol will be shortly described.

2.1. Nuclear magnetic resonance (NMR)

The minispec mq60 NMR relaxometer (Bruker BioSpin) was used for
NMR measurements of the samples (Fig. 1a). This system uses a
homogenous magnetic field of 1.5 T, generated by permanent magnets.
For MNP quantification, the T2-relaxation times were determined by a
Carr-Purcell-Meiboom-Gill (CPMG) spin-echo sequence [12]. This se-
quence uses an initial 90°-pulse for signal excitation followed by a train
of 180°-pulses for signal refocusing at time intervals n·TE-TE/2,
n=1,2,3…. After each 180° pulse the transversal magnetization signal
was acquired at the echo times n·TE. The sampling rate, given by TE was
adjusted between TE= 0.04ms and TE=3ms to acquire most of the
exponential decay. The transversal relaxation time T2 was determined
by performing a monoexponential fit to the measured data with
N=2000 points assuming that T2 is independent on the chosen TE.

2.2. Magnetic resonance imaging (MRI)

MRI scans were performed using the preclinical 1 T ICON system
(Bruker BioSpin) with a whole-body receive coil optimized for imaging
of rats (Fig. 1b). Since a minimum signal is required for the system to
obtain a reliable image, the sample tubes were sealed and placed in a
sample holder filled with water. A multi spin-echo CPMG sequence was
used to obtain slices with a thickness of 2.5mm of all samples. A re-
petition time TR of 1.5 s and a spatial resolution of 0.625mm over an
80× 40mm2 FOV results in an acquisition time of 96 s. The minimum
echo time TE was about 5ms for the chosen measurement parameters.
28 individual images were acquired within one scan with varying echo
times. The signal intensity was averaged in a region of interest (ROI)
around the sample position and an exponential fit using the image in-
tensities were performed to determine T2. The used echo times were
adapted to acquire the full exponential signal decay. Four samples plus
an additional reference sample were measured simultaneously within
one imaging sequence.

2.3. Magnetic particle spectroscopy (MPS)

MPS measurements were performed with a calibrated MPS-3 system
(Bruker Biospin, Fig. 1c). This system provides excitation with a
homogeneous, oscillating magnetic field at 25 kHz and an amplitude
adjusted to 25 mT. The magnetic response of the MNP samples is de-
tected by gradiometric coils over time and is further analyzed in the
frequency domain. Based on the non-linear magnetic susceptibility of
the MNP, signal is detected for higher harmonics of the excitation fre-
quency. For MNP quantification, the amplitudes of the third harmonic
A3 of the excitation frequency were used, which are given in units of
Am2 and are directly proportional to the quantity of particles. Each
sample was measured separately for 10 s, and background signal cor-
rection was executed by subtraction of an empty scanner measurement.
Due to the sample volume of 160 µL, parts of the sample exceed the
homogenous sensitivity area of the receive coil, lowering the measured
signal. However, this offset is the same for all measured samples and
could be corrected by rescaling the data.

2.4. Magnetic particle imaging (MPI)

A preclinical 25/20 FF MPI scanner (Bruker BioSpin) was used to
measure all samples (Fig. 1d). Signal excitation is done, in a similar
manner to MPS, but with three orthogonal excitation fields in x/y/z-
direction, with slightly different frequencies of ≈24.51/26.04/
25.25 kHz and excitation amplitudes of 12mT. Superimposing addi-
tional static magnetic field gradients of 1.25/1.25/2.5 T/m results in a
(so-called) field free point (FFP) moving on a Lissajous trajectory
through the field of view (FOV) volume caused by the three excitation
fields. MPI signals are mainly generated by MNP in the proximity of this
FFP, which are acquired by a separate receive coil to improve the
sensitivity and thus the image quality [13,14]. Image reconstruction
was done based on the system function approach [15,16], utilizing a
measured system function acquired with a 1 µL sample Ferucarbotran at
highest iron concentration (c(Fe)= 0.935mol/L), which was measured
at multiple positions all over the FOV [17]. The raw measurement
signals above 80 kHz were background corrected by subtraction of
empty measurements and truncated based on the signal-to-noise ratio
(SNR), only keeping 40 frequency components with the highest SNR.
The regularized Kaczmarz algorithm was used with a single iteration
and a regularization parameter of =λ tr S S tr E1· ( )/ ( )H

0 , with S being
the system function and E being the identity matrix [18]. Note that
identical reconstruction parameters were used for all samples for a fair
comparison. The choice of these parameters massively influences the
MPI image quality. Here, we focused completely on the extraction of
quantitative information of the MNP amount from these data and
adapted the parameters accordingly, neglecting a high spatial
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resolution.
The reconstruction provides 3D images of the MNP distribution over

a FOV of 25× 25×13mm3. All samples were measured individually
at the center of the FOV with a total acquisition time of 10 s. The image
intensities were summed up in a 3D ROI around the actual sample
position for quantification.

3. Results

3.1. MNP quantification by “0D”-techniques

First, we analyze the results acquired by NMR and MPS. Fig. 2
displays the quantitative values extracted from the respective method
over the iron concentration of the measured sample. In Fig. 2a), the
transversal relaxation time T2, obtained by an exponential fit based on
the NMR data, is shown. The overall trend indicates an inversely linear
decrease of T2 with the iron concentration as expected. A minimal MNP
concentration is required to produce a measurable signal difference
compared to the T2 value acquired without MNP. The T2 of purified
water was determined to be 2320ms. In this case, already small iron
concentrations of c(Fe)= 2.4 µmol/L led to measurable signal changes
of the proton relaxation and therefore the possibility to quantify based
on the changes of T2. However, for the CuSO4-water sample, T2 without
MNP was determined to be 51ms and the first significant change based
on the addition of MNP was measured at an iron concentration of
1.5 mmol/L. If the MNP concentration is below 1.5mmol/Lthe field
inhomogeneities created by the MNP are not sufficient to further de-
crease the overall T2. Therefore, a minimal critical concentration is
needed to measure a significant T2 change induced by the MNP.

Since we assume that there is a concentration regime, in which the
relaxation rate T2−1 (inverse of the relaxation time) scales linearly with
the MNP concentration, linear fits were performed using the reciprocal

data. For this purpose, only data points above the minimal concentra-
tion, needed to induce a change of T2, were used (data selection based
on visual inspection). The resulting slopes of the linear regression are
listed in Table 1. Different slopes for the two different surrounding
media were acquired from the NMR data with a difference of about
37%. This indicates that the magnetic properties of the MNP in the two
sample types is different, which might be due to particle agglomeration.
The formation of particle clusters with an overall larger diameter might
influence the field inhomogeneities and therefor the transversal re-
laxation process of the water protons. Further details based on

Fig. 1. Photographs of the used measurement systems: a) NMR relaxometer, Minispec mq60; b) Preclinical MRI, ICON; c) calibrated MPS device, MPS-3; d)
Preclinical MPI scanner, 25/20 FF.

Fig. 2. Transversal relaxation time (T2) and
the amplitude of the third harmonic of the
excitation frequency (A3) acquired with
NMR (a) and MPS (b) displayed over the
(nominal) iron concentration c(Fe) of the
measured sample. Two serial dilution of
MNP were measured. The first one with
MNP diluted in pure, purified water (black
squares) and the second one with MNP di-
luted in a CuSO4-water solution (red cir-
cles), to simulate more realistic tissue re-
laxation times. The corresponding lines
denote the linear fits, which were acquired
using only the data marked with a yellow
dot. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Slopes acquired by linear fits of all four measurement systems using only data
above the detection limits. For MRI and NMR, the reciprocal data were used to
determine the linear coefficient of the relaxation rate =

−R T2 2
1. For the CuSO4-

samples no linear fit could be performed using the data acquired with MRI. For
MPS and MPI the amplitude of the third harmonic excitation frequency (A3) and
the signal intensity (S) were used respectively. The values in brackets represent
the mean relative deviation between the measured data, used in the fitting
algorithm, and the linear fit. In general, MPS and MPI signals are normalized to
the total iron amount, independent of the sample volume, in this case 160 µL.
From our MPS measurements we determined values of 6.4 Am /kg2 and
5.1 Am /kg2 , for pure water and CuSO4 respectively. The MPI measurements
provided values of 77.2 a. u. /kg and 61.5 a. u. /kg.

System Parameter Unit Pure water CuSO4

NMR R2 −ms
mol L

1

/
±141 1 (22%) ±89.4 0.6(37%)

MPS A3 μAm
mol L

2

/
±57.2 0.1(4%) ±45.2 0.2(9%)

MRI R2 −ms
mol L

1

/
±132 1(13%) n a. .

MPI S a u
mol L

. .
/

±0.69 0.01(3%) ±0.55 0.01(42%)
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experimental studies and simulations of the effect of particle agglom-
eration on the MR relaxation times can be found in [19,20]. Here, the
quality of the fit was determined by calculating the mean value of the
relative deviation between the data points and the linear fit (values in
brackets in Table 1). From this value it can be seen, that the deviation of
the CuSO4 data (37%) is higher than the deviation for the water sam-
ples (22%). This might be an indication for a stronger nonlinear be-
havior of the MNP in the CuSO4 environment. The detection limit for
high iron concentrations was not reached in the measured concentra-
tion range. However, by extrapolating the linear trend, the limit of
detection is expected to be about c(Fe)= 0.9mol/L. At this con-
centration, the signal decay will be too fast to detect a signal, which can
be used for an exponential fit to determine T2.

The amplitude of the third harmonic A3 of the excitation frequency,
measured with the MPS system, is depicted in Fig. 2b). In contrast to
NMR, the signal intensity increases proportional to the iron con-
centration in the measured sample, since the signal is generated directly
from the particles. The A3 values of MNP diluted in CuSO4 solution and
pure water are similar for respective MNP concentration. The small
deviations (largest 21%) are based on a different dynamic magnetic
response of the MNP, e.g. caused by ions in the CuSO4 solution which
could induce the formation of MNP clusters. The influence of MNP
clustering on the MPS signal is described in detail in [21,22].

MNP quantification was feasible over the whole iron concentration
range of c(Fe)= 2.4 µmol/L to c(Fe)= 0.187mol/L. Linear fits were
performed and are displayed in Fig. 2b), the slopes are listed in Table 1
showing a difference of 21% between the two media. Similar to the
NMR results, the CuSO4 samples show a stronger deviation (9%) com-
pared to the linear fits than the water samples (4%), indicating non-
linear behavior. The detection limit for low iron concentrations was not
reached in the measured concentration range. By extrapolating the
linear behavior, the limit of detection is expected to be about c
(Fe)= 0.1 µmol/L for the MPS system, since the signal is reaching the
noise floor at this concentration.

3.2. MNP imaging and quantification

After analyzing the influence of MNP on the signal generation
process in NMR and MPS, we next investigated whether similar beha-
vior was observed in the respective imaging techniques. Fig. 3 displays
single imaging slices acquired with MRI (a) and MPI (b) of the serial
dilution of MNP in CuSO4-water solution. The two MRI scans on the left
show magnitude images of the diluted samples inside the water bath for
the shortest echo time TE= 5ms. Imaging artifacts are visible and lead
to distortions for the two highest concentrated samples one and two.
Around sample three no imaging artifacts were observable, but a signal
was only detected for the lowest echo time. For sample four and other
samples with lower iron concentration, a signal was acquired at mul-
tiple echo times, which were averaged inside an ROI around the sample
position and used for an exponential fit to determine T2. The same
procedure was performed for the measurement data of the serial dilu-
tion of MNP using pure water. The resulting T2 values are displayed
against iron concentration in Fig. 4a). Qualitatively similar behavior
can be observed compared to the results acquired from NMR. T2 de-
creases inversely proportional to the iron concentration, starting from a
minimum “threshold”-concentration. In contrast to NMR, slightly
higher T2 values of 2424ms (pure water) and 59ms (CuSO4-water so-
lution) were extracted from MRI, which might be due to the lower
homogeneous magnetic field strength of the MRI system. Linear fits
were performed using the reciprocal data in the range, where signal
changes based on the iron concentration are observed (marked by
yellow dots) and the resulting slopes are presented in Table 1. No linear
fit was performed for the data acquired from the CuSO4-water samples,
since there were too few data points above the “threshold”- con-
centration.

The MPI images displayed in Fig. 3b) were acquired by individual

measurements of each sample. For better visualization the color bars of
each image were normalized to the individual maximum reconstructed
voxel amplitude. The red dots mark the nominal sample-center position
inside the FOV. Note that the MPI images are blurred due to the low
amounts of frequency components and the high regularization used in
the image reconstruction. Therefore, the image intensity is spread over
a larger volume compared to the actual sample dimensions. Sample six
and all samples with a lower iron concentration, exhibit imaging arti-
facts, since the detected signals of the MNP at these low concentrations
increasingly become distorted by the noise and background signals of
the system. Around the sample positions, ROIs were defined in which
the MPI signal was summed up. The resulting values are depicted over
the iron concentration in Fig. 4b). Similar to the MPS results, a linear
signal dependency was observed. For low iron concentrations, a con-
stant signal, generated by noise and background signals, is acquired.
The measured signals of the MNP samples diluted in the CuSO4-water
solution is lower compared to the signal acquired by the samples di-
luted in pure water. This was already observed in the MPS measure-
ments. Linear fits were performed including all data above the noise
level (marked by yellow dots) and the slopes are listed in Table 1
showing a 20% difference between both media. At low iron con-
centrations the MPI signal intensities show variations from the linear
behavior, which are stronger compared to the MPS data. This might be
because of a non-matching system function, which was acquired with a
sample of MNP diluted in water. This mismatch induces additional er-
rors in the image reconstruction process which might impair the
quantification performance of MPI. Therefore, the mean relative de-
viation between the data points and the acquired fit is significantly
higher for the CuSO4 samples (42%) compared to the water samples
(3%).

4. Discussion

Our results show the capability of MRI and MPI for MNP imaging
and quantification. The imaging methods and their respective zero-di-
mensional counterparts showed similar behavior. Therefore, it can be
inferred that the magnetic gradients do not significantly influence the
quantification performance of the imaging systems. Based on the higher
sensitivities and the usual much faster scan time of the zero-dimen-
sional systems, they can be used for a fast characterization of different
MNP tracers or different biological environments. A visual summary of
the quantification results is depicted in Fig. 5. The horizontal lines re-
present the concentration regime, in which MRI or MPI can be used to
quantify the iron concentration of the sample. The limits were de-
termined by concentrations of the last measurable sample used in this
study. It is important to note that these values are only valid when using
Ferucarbotran and the chosen measurement parameters. The use of
different MNP tracer types will lead to similar results but with different
quantification limits. Additionally, the properties of the environment
(temperature, viscosity, MNP interaction) have to be considered for
MNP quantification. In this study, changes could be observed between
two different surrounding media in all measurement systems. The linear
fits (see Table 1) revealed differences in the slopes between 20% and
37% for the two media in all systems. A possible explanation for these
differences might be attributed to agglomeration of MNP induced by
the CuSO4. Additionally, the deviation of the measured data and the
linear fits is greater for the CuSO4 samples compared to the water
samples (see values in brackets in Table 1), which might be an in-
dication for a stronger nonlinear behavior of the MNP. In the following,
the reasons for the determined quantification limits for low and high
iron concentrations with the respective imaging technique will be dis-
cussed.

MRI can quantify MNP at iron concentrations as low as c
(Fe)= 2.4 µmol/L in pure water. However, for MNP in a CuSO4-water
solution, the lower limit is reached at much higher iron concentration c
(Fe)= 0.3mmol/L. In MRI these lower limits are dependent on the
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initial T2 of the medium surrounding the MNP. For pure water a large
T2= 2424ms was determined. Based on this value, already the influ-
ence of tiny iron concentrations can be detected and used for quanti-
fication based on T2 measurements. For a lower, more realistic initial T2
as in tissue, here T2= 59ms adjusted by a CuSO4-water solution, much
higher iron concentrations are necessary to affect the transversal re-
laxation. Therefore, MNP quantification highly depends on the en-
vironment, and the T2 in the region of interest should best be known
before administering of MNP. This could be challenging since T2-
mapping is time-dependent and in general the relaxation times are
dependent on multiple time-varying parameters such as temperature,
oxygenation and diffusion rates, [23–25]. Furthermore, physiological
and pathological changes can also affect T2, making a clear identifica-
tion of the contribution of MNP even harder [26,27]. The presence of
MNP might also affect the longitudinal relaxation time T1, which was
neglected for all measurements presented here, since a single repetition

time was used for all measurements. However, the influence of the
presence on T1, might still affect the quantification performance and
will be analyzed in more detail in a future study.

The upper concentration limit for MRI quantification was de-
termined to be c(Fe)= 1.5mmol/L regardless of the medium. At this
concentration, the signal decay was too fast to detect with the chosen
parameters, especially the chosen echo time TE. Consequently, no ex-
ponential fit was possible, and no quantitative data were determined.
Thus, imaging and localization of MNP as black spots still was possible
up to an iron concentration of c(Fe)= 7.5 mmol/L, without any major
degradations in terms of image quality or spatial resolution. However, a
clear separation from other possible sources for signal cancelation, like
air bubbles or imaging artifacts cannot be made. For even higher con-
centrations, imaging artifacts distort the magnitude of MR images,
making a clear localization of the MNPs difficult. In this work, we used
a standard CPMG sequence with an echo time TE= 5ms. Decreasing

Fig. 3. Image slices acquired with MRI (a) and MPI (b) for a serial dilution of MNP in a CuSO4-water solution. a) Two separate scans were performed to measure all
eight samples with decreasing iron concentration (highest concentration for sample one). An additional sample tube containing no MNP was added for reference.
Depicted are the image intensities acquired with the shortest TE= 5ms. Imaging artifacts can be seen in the proximity of sample one and two. The sample without
MNP in the second MR scan was measured with an overall lower signal intensity based on the sample positioning and the sensitivity profile of the receive coil. b) Each
sample measured individually at the center position of the FOV. The red dots mark the center of the nominal sample position. Note that the color bars (MPI signal in
a.u.) were normalized individually for a better visualization. Sample six, seven and eight are distorted by imaging artifacts based on the low signal generated by the
MNP at these concentrations.

Fig. 4. Transversal relaxation time (T2) ex-
tracted from MRI (a) and signal intensities
determined by MPI (b) displayed over the
iron concentration for two serial dilution of
MNP in different media. For iron con-
centrations above 1.5 mmol/L the trans-
versal signal decay was too fast to detect a
MRI signal, therefore no relaxation time
could be determined. Furthermore, a
minimum iron concentration is required to
detect a measurable change of T2 depending
on the surrounding media. The MPI signal
intensities scale proportional to the iron
concentration, above a minimum iron con-
centration, which generates a detectable
signal above the noise floor of the system.

Small changes between the surrounding media are observed based on a non-matching system function used in the image reconstruction. Linear fits were performed
using only the data marked by a yellow dot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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this value would allow the detection of higher iron concentrations,
since a faster signal decay can be detected, then. Especially, UTE se-
quences (“ultrashort echo time”) are capable for detection of higher
iron concentrations [28–30]. However, for these methods a compro-
mise between shorter echo times and a downgrade in spatial/temporal
resolution or SNR has to be made.

In MPI a lower quantification limit of c(Fe)= 12 µmol/L in pure
water was determined. The main factors influencing this limit were the
noise and background signal level of the system, which hamper the
signal acquisition. Further improvements for an advanced signal de-
tection chain, would result in lower detection limits, shifting the limit
to even lower concentrations. Unlike MRI, quantification limit and
imaging limits are the same for MPI, since only MNP signals are ac-
quired without any contribution from tissue. However, the image
quality is affected by the iron concentration, e.g. the spatial resolution
is dependent on the SNR of the raw measurement data [15,16]. By
analyzing the intensities of certain frequencies components from the
MPI raw data before image reconstruction, it might be possible to get
quantitative information with no spatial information of the MNP loca-
tions even below the limits detection stated here [31]. The upper
concentration limit of MPI is mainly determined by the saturation of
certain hardware components (e.g. the low-noise amplifier), which was
not reached in this study.

The influence of different media on the quantification limits of MPI
is less pronounced compared to MRI, since no reference values acquired
before MNP injection are necessary. The lower MPI quantification limit
of c(Fe)= 60 µmol/L was determined for MNP in a CuSO4-water solu-
tion. This increased value compared to the limit found in pure water is
attributed to small changes of the MNP dynamic magnetization caused
by the different suspension media. The presence of CuSO4 might induce
MNP agglomeration [21,22], changing their dynamic response. This
could lower the overall response signal and additionally, change the
shape of the spectrum. Therefore, the measured spectra and the pre-
viously measured spectra of the system function, which is used in the
image reconstruction, might not match perfectly, inducing small errors
in the reconstruction. However, if these signal changes are known, they
could be corrected by adapting the system function [32,33].

5. Conclusion

In conclusion, complementary MRI-MPI measurements are possible
in a certain iron concentration regime, which was determined for
Ferucarbotran to be between about c(Fe)= 60 µmol/L to c
(Fe)= 1.5 mmol/L. In this range, imaging and quantification of MNP
can be done by MPI, while still gaining anatomical reference informa-
tion from MRI with a submillimeter spatial resolution, without distor-
tions by imaging artifacts. Therefore, the advantages of both techniques
can be utilized, which might be beneficial for diagnostic purposes.

Future measurements will be performed to further analyze the

influence of different biological media and different MNP tracers on the
different imaging modalities.
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