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ABSTRACT

Magnetic particle imaging (MPI) uses superparamagnetic iron oxide (SPIO) nanoparticles as biomedical imaging tracers. The potential
applications of MPI have recently been broadened by the introduction of “color” MPI techniques that can distinguish different nanoparticles
and/or environments, e.g., by exploiting the relaxation behavior of SPIOs. One of the important applications of color MPI techniques is
viscosity mapping. In this work, we show relaxation-based color MPI experiments that can distinguish the biologically relevant viscosity
range of up to 5 mPa s. To find the optimal drive field parameters for viscosity, we compare color MPI results at three different frequencies.
We show that frequencies around 10 kHz are well-suited for viscosity mapping using the multicore cluster Nanomag-MIP nanoparticles,
providing a one-to-one mapping between the estimated relaxation time constant and viscosity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110475

Magnetic particle imaging (MPI) is a rapidly developing
imaging modality that utilizes superparamagnetic iron oxide
(SPIO) nanoparticles as tracers.1,2 The spatial distribution of the
nanoparticles is mapped by exploiting their nonlinear magnetiza-
tion response under an oscillating magnetic field. With MPI, high-
sensitivity and high-resolution images of the SPIO biodistribution
can be obtained without any signal from the background tissue.

SPIOs exhibit relaxation, which delays the alignment of their
internal magnetization with the applied magnetic field. Recently, a few
groups have focused on understanding and utilizing this behavior for
color MPI, with the purpose of differentiating different nanoparticle
types and/or chemical environments.3–5 Color MPI techniques
broaden MPI’s capabilities to applications such as SPIO-labeled cathe-
ter tracking for vascular interventions,6 or steering of the catheters
during endoscopic procedures.7,8 Color MPI studies can also be
extended for functional imaging purposes to determine the binding
state of the SPIOs,9 or to understand signaling and transportation in
tissues.10–12

One of the important application areas of color MPI is viscosity
mapping. Certain diseases, such as atherosclerosis13 and cancer,14,15

are known to result in increased levels of cellular viscosity. These

diseases can potentially be probed with MPI through measuring vis-
cosity of the tissue where the SPIOs are located in. There are several
methods in the MPI literature aimed at measuring viscosity,9,16–18

including our recently proposed technique,19 and it is essential to
incorporate these methods into in vivo imaging applications.

In this study, we demonstrate imaging results of relaxation-
based color MPI for viscosity mapping. We base the color MPI
experiments on our recently proposed relaxation time constant
estimation technique,5,19 briefly referred to as time constant
(s, TAU) estimation via Recovery of Underlying mirror Symmetry
(TAURUS). Comparing the results from our in-house MPI scanner
tuned to three different drive field (DF) frequencies, we show that
frequencies around 10 kHz provide one-to-one mapping between
the estimated time constant and viscosity for multicore cluster
Nanomag-MIP nanoparticles. We present 2D color MPI results
that differentiate different viscosity levels in the biologically rele-
vant range of up to 5 mPa s.

In MPI, the relaxation behavior of SPIOs causes the signal to be
delayed in time and reduced in amplitude. In x-space MPI, this relaxa-
tion effect was modeled via an exponential kernel with time constant
s, using the following formalism:20
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Here, u(t) is the Heaviside step function and “$” denotes convo-
lution. For a periodic DF, the ideal signal, sideal(t), has symmetric nega-
tive and positive half cycles. However, the actual MPI signal, s(t), loses
this symmetry property due to relaxation induced blurring along the
scanning direction. We have previously shown with our TAURUS
technique that s can be directly estimated from s(t) as follows:5,19

s ¼
S$posðf Þ þ Snegðf Þ

i2pf ðS$posðf Þ % Snegðf ÞÞ
: (2)

Here, Spos(f) and Sneg(f) are Fourier transforms of the positive and neg-
ative half cycles of s(t), respectively. The $ symbol in the superscript
denotes the conjugation operation. When the signal is deconvolved
with an exponential kernel using the correct s value, the underlying
mirror symmetry can be recovered. Importantly, the TAURUS tech-
nique does not require any prior information about the nanoparticles
when estimating s.

An imaging phantom that contained nanoparticle samples at 5
different viscosity levels was prepared using varying ratios of water/
glycerol mixtures, as shown in Fig. 1(a). Each sample was prepared in
a capillary tube with a 2mm diameter, had a total volume of 20ll, and
contained 5ll of undiluted Nanomag-MIP nanoparticles38 (plain,
c(Fe) ¼ 89mmol Fe/l, Micromod GmbH, Germany). The resulting
samples had viscosity levels ranging between 0.89 mPa s and 5.04
mPa s, covering biologically relevant viscosity levels.21,22 Table I lists
the details of each nanoparticle sample.

The imaging experiments were performed on our in-house
MPI scanner.5,23 The selection field was generated using permanent
disc-shaped magnets, resulting in (%4.8, 2.4, 2.4) T/m/l0 gradients in
(x, y, z) directions [see Fig. 1(b)]. Using capacitive L-section circuits,
the drive coil was impedance matched to the power amplifier (AE
Techron 7224) at three different frequencies: 1.1 kHz, 9.7 kHz, and
26.3 kHz. The drive coil was air-cooled to prevent heating of the scan-
ner bore and nanoparticle samples. The scanner bore had an axial
diameter of 1 cm in the x-y plane, with a flexible length along the
z-direction. The drive field was applied along the z-direction with
amplitudes varying between 10 mT and 25mT, corresponding to par-
tial field-of-view (pFOV) sizes between 4.2mm and 10.4mm. The DF
amplitude was calibrated with a current probe (LFR 06/6/300)
promptly before each measurement. For all the 1D and 2D imaging
experiments, the phantom was mechanically moved to the center of
each pFOV using a linear actuator (Velmex BiSlide), with 85% overlap
between neighboring pFOVs. For each pFOV, the signal was filtered
and processed as previously described.5 MPI images were then recon-
structed using a signal-to-noise ratio (SNR) optimized x-space recon-
struction24 with the DC recovery algorithm.25 The relaxation time
constant maps (s maps) were directly estimated from the time-
domain signals for each pFOV, using the aforementioned TAURUS
technique.

First, six different 1D imaging experiments (at 3 different DF fre-
quencies and 2 different DF amplitudes) were conducted to determine
the optimal DF parameters for relaxation-based viscosity mapping.
The DF amplitudes tested were 10 mT and 15mT at 1.1 kHz and
9.7 kHz and 10 mT and 14mT at 26.3 kHz (the latter restricted by
hardware limitations). Experiments were first performed with the sam-
ples ordered randomly (results not shown) and then with the samples
ordered in increasing viscosity levels. Both cases yielded matching
results, ensuring that there was no position-induced bias. The resulting
1DMPI images and s maps were replicated along the vertical direction
for display purposes, as shown in Figs. 2(a) and 2(b). Note that for
simplicity of labeling, the results at 26.3 kHz and 14mT are grouped
under 15mT results.

As seen in Fig. 2(b), s maps at 26.3 kHz appear flat. Hence,
although frequencies around 25 kHz are widely popular in MPI, this
high frequency range is not favorable for probing viscosity. On the
other hand, s maps at 1.1 kHz and 9.7 kHz display a variety of colors,
indicating a viscosity-sensitive contrast capability. Furthermore, the
MPI images at these lower frequencies display better resolution, which
is consistent with the literature.26,27 Next, mean s values were

FIG. 1. (a) The imaging phantom for color MPI experiments. Nanoparticle samples
at 5 different viscosity levels ranging between 0.89 mPa s and 5.04 mPa s were
placed in a 3-D printed custom sample holder, where the placements of the
samples can be interchanged. (b) Our in-house MPI scanner with (%4.8, 2.4, 2.4)
T/m/l0 gradients in (x, y, z) directions. The drive coil was impedance matched at
three different frequencies: 1.1 kHz, 9.7 kHz, and 26.3 kHz. The imaging phantom
was moved in the x-z plane using a linear actuator. A current probe was used to
calibrate the drive field amplitude.

TABLE I. The contents and viscosity levels (g) at 25 'C for the nanoparticle
samples. Each sample started from 5 ll of undiluted Nanomag-MIP nanoparticles
suspended in water and had a final volume of 20ll. The table lists the added
glycerol and water volumes and the final glycerol percentage by volume.

# g (mPa s) Glycerol (ll) Water (ll) Glycerol %

1 0.89 0 15 0
2 1.54 4 11 20
3 2.16 6 9 30
4 3.97 9 6 45
5 5.04 10 5 50
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computed from the corresponding regions-of-interest (ROIs) in s
maps and plotted as a function of viscosity in Fig. 2(c). Accordingly,
there is a considerable differentiation in s values with respect to viscos-
ity at 9.7 kHz. At 1.1 kHz and 26.3 kHz, on the other hand, the curves
are either nonmonotonic or remain approximately flat.

The trends observed in Fig. 2 are consistent with our previous
experimental work in a magnetic particle spectrometer (MPS) setup,19

with one important difference: In the MPS setup, s vs viscosity curves
displayed a nonmonotonic trend at lower DF frequencies of up to
550Hz, switched to a monotonic trend at 1.1 kHz, and finally became
flat at 10.8 kHz. In this work, with the added selection field of an MPI
scanner, the switch from the nonmonotonic to monotonic trend
occurs at a higher frequency range. A side-by-side comparison of nor-
malized s values from MPS and MPI experiments is shown in Fig. 3,

color matched to highlight similar trends at different frequencies. The
trend seen at 550Hz in the MPS experiments is similar to that at
1.1 kHz in the MPI experiments. Likewise, 1.1 kHz and 10.8 kHz in
MPS experiments display similar trends to 9.7 kHz and 26.3 kHz in
MPI experiments, respectively. Importantly, for MPI experiments, the
monotonic s vs viscosity curve at 9.7 kHz indicates that this operating
frequency is highly promising for one-to-one mapping of viscosity
from a measured s value.

To further investigate the viscosity mapping capability at 9.7 kHz,
1D imaging experiments were performed at four different DF ampli-
tudes between 10 mT and 25 mT. The corresponding MPI images, s
maps, and s vs viscosity curves are displayed in Fig. 4. At this fre-
quency, s values vary by more than 50% in the tested viscosity range,
which is a highly desirable feature for mapping purposes. Note that
a superior monotonicity is reached at a 25mT DF amplitude.
Furthermore, given that the MPI signal increases linearly with the
DF amplitude,27 the increased SNR at 25mT results in reduced devi-
ation in s estimations [see error bars in Fig. 4(c)].

Finally, a 2D color MPI demonstration was performed at the
optimal DF parameters: 9.7 kHz and 25mT. The phantom in Fig. 5(a)
was scanned with a FOV of 0.8 cm( 14.5 cm in x- and z-directions,
respectively. This FOV was rastered along the z-direction as 9 evenly
spaced lines, each made up of 39 overlapping pFOVs. The resulting
2D MPI image and s map, as well as their color overlay, are shown in
Figs. 5(b)–5(d). The nanoparticle samples at different viscosity levels
are easily distinguishable in the s map, confirming the suitability of
these DF parameters for one-to-one viscosity mapping.

In MPI, the properties of the SPIOs such as their size, dispersity,
and anisotropy have a large impact on their signal.28 These factors
affect the performance of the SPIOs not just in MPI but also in other
modalities such as magnetic resonance imaging (MRI) or magnetic
fluid hyperthermia (MFH).29,30 Similarly, the optimal DF parameters
may depend on the nanoparticle type. In a previous work, we com-
pared s vs viscosity trends for two multicore SPIOs, Nanomag-MIP
and VivoTrax, where the latter has the same chemical structure as
Resovist. We observed that VivoTrax displayed similar global trends
to Nanomag-MIP, but at higher DF frequencies.19 Therefore, the opti-
mal DF parameters, particularly the DF frequency, may need to be
tuned for a given SPIO type.

Brownian and N!eel relaxation time constants of SPIOs are nor-
mally calculated using zero-field formulas, which are not valid for the

FIG. 2. 1D color MPI results at 3 different drive field frequencies and 2 different
drive field amplitudes, for the phantom shown in Fig. 1(a) where the samples were
ordered in increasing viscosity levels between 0.89 mPa s and 5.04 mPa s. (a) 1D
MPI images and (b) 1D relaxation (s) maps, replicated in the vertical direction for
display purposes. (c) s vs viscosity curves, extracted from the s maps. The
predominantly monotonic trend at 9.7 kHz indicates that this drive field frequency is
well-suited for one-to-one viscosity mapping. The error bars denote the mean val-
ues and standard deviations computed from corresponding ROIs in s maps for
each sample.

FIG. 3. Comparison of s vs viscosity curves for (a) MPS experiments (replotted
from Ref. 19) and (b) color MPI experiments, performed at different drive field
frequencies at a 15mT amplitude. The results are color matched to highlight similar
trends. A monotonic s vs viscosity curve is observed at 1.1 kHz in MPS experi-
ments, whereas a similar trend is achieved at 9.7 kHz with the additional selection
field of the MPI scanner.

FIG. 4. 1D color MPI results at 4 different drive field amplitudes at 9.7 kHz, for the
phantom in Fig. 5(a) where samples are ordered in increasing viscosity levels. (a)
1D MPI images and (b) s maps, replicated in the vertical direction for display pur-
poses. (c) s vs viscosity curves indicate that a higher drive field amplitude of 25 mT
yields superior monotonicity. The error bars denote the mean values and standard
deviations computed from the corresponding ROIs in s maps for each sample.
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sinusoidal DF in MPI.31 In s vs viscosity curves at lower DF frequen-
cies/amplitudes, the estimated s values initially increase with increas-
ing viscosity,19 seemingly obeying Brownian relaxation dynamics. At
higher frequencies/amplitudes/viscosities, however, this initial trend
can no longer be observed. We believe that the reason behind this phe-
nomenon is that the nanoparticle magnetization does not have suffi-
cient time to reach its steady-state value under these “more
demanding” cases. Hence, one can no longer observe the expected
monotonic increase with increasing viscosity, causing a different trend
to emerge. A similar phenomenon was also described in a recent work,
where it was shown that the magnetization could not reach its steady-
state value (i.e., the value dictated by Langevin physics) in the case of
square-wave pulsed excitations with higher frequencies/amplitudes.32

The above-cited work has also shown that nanoparticles farther
from the field free point (FFP) are characterized with faster relaxation
when compared to the nanoparticles closer to the FFP.32 Likewise, pre-
liminary experiments on our MPS setup also demonstrated that s values
can be reduced in the presence of an additional DC field (results not
shown). Importantly, the change in s values can be at different rates for
different viscosity levels, which in turn can change the overall s vs vis-
cosity trend. Hence, under the static selection field of an MPI scanner,
the observed s values as well as the s vs viscosity trend can change when
compared to those in an MPS setup. Understanding the physical rea-
sons behind the latter effect requires future experiments and analysis.

Previous work has shown that SNR scales almost linearly with
the product of the DF frequency and amplitude.27 Therefore, even if a
monotonic trend could be achieved at a lower DF frequency/ampli-
tude than the tested range, the SNR of the images/maps would suffer
considerably. For example, 1.1 kHz and 5mT would yield approxi-
mately 44 times lower SNR than at 9.7 kHz and 25mT, which is a
massive difference. At very high frequencies/amplitudes, on the other
hand, the s vs viscosity trends flatten out.19 Hence, our goal in this
work was to operate at as high a frequency/amplitude as possible,
while attaining a one-to-one mapping between s and viscosity in the
biologically relevant range.

Even when operating at high DF frequency/amplitude, SNR can
be low in in vivo settings. A noise robustness of the TAURUS

technique was previously performed,5 showing that even at a very low
SNR value of 2, the relaxation time constant can be estimated with a
standard deviation that is less than 0.4% of the drive field period
(around 0.4 ls at 9.7 kHz). For SNR values greater than 15, the stan-
dard deviations rapidly decrease to less than 0.05% of the drive field
period (around 0.05 ls at 9.7 kHz). The specific iron amount corre-
sponding to a given SNR level depends on the scanner geometry and
nanoparticle type, as well as the scanning parameters.33 Considering
that MPI features a state-of-the-art detection limit on the order of
5–100ng Fe,34–36 with a theoretical picogram sensitivity capability,33,37

the SNR robustness of the TAURUS technique makes it an excellent
candidate for in vivo viscosity mapping withMPI.

Here, we have demonstrated the TAURUS technique using multi-
core cluster nanoparticles. In in vivo settings, size selective uptake may
take place during the internalization of the nanoparticles into the tis-
sue/cells, which may change the MPI response for nanoparticles that
contain different sized cores. To avoid such effects, single-core nano-
particles may be preferred. Investigating such in vivo challenges and
potential solutions for the proposed technique remains a future work.

To summarize, this work demonstrates the viscosity mapping capa-
bility of MPI for functional imaging applications. With our in-house
MPI scanner, we showed that a one-to-one mapping between the relaxa-
tion time constant and viscosity can be achieved at drive field parameters
around 10kHz and 25mT using multicore cluster Nanomag-MIP nano-
particles. These results present relaxation-based color MPI experiments
distinguishing the biologically relevant viscosity range.

The authors thank U"gur Yilmaz for the valuable discussions.
This work was supported by the Scientific and Technological
Research Council of Turkey (No. TUBITAK 115E677).
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