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Abstract
Purpose: Magnetic particle imaging (MPI) is emerging as a highly promising
imaging modality. Magnetic nanoparticles (MNPs) are used as imaging tracers
in MPI, and their relaxation behavior provides the foundation for its functional
imaging capability. Since MNPs are also utilized in magnetic fluid hyperther-
mia (MFH) and MPI enables localized MFH, temperature mapping arises as an
important application area of MPI.To achieve accurate temperature estimations,
however,one must also take into account the confounding effects of viscosity on
the MPI signal. In this work, we analyze the effects of temperature and viscos-
ity on MNP relaxation and determine temperature and viscosity sensitivities of
relaxation time constant estimations via TAURUS (TAU estimation via Recovery
of Underlying mirror Symmetry) at a wide range of operating points to empower
simultaneous mapping of these two parameters.
Methods: A total of 15 samples were prepared to reach four target viscosity
levels (0.9–3.6 mPa⋅s) at five different temperatures (25–45◦C). Experiments
were performed on a magnetic particle spectrometer (MPS) setup at 60 differ-
ent operating points at drive field amplitudes ranging between 5 and 25 mT and
frequencies ranging between 1 and 7 kHz. To enable these extensive experi-
ments, an in-house arbitrary-waveform MPS setup with temperature-controlled
heating capability was developed. The operating points were divided into four
groups with comparable signal levels to maximize signal gain during rapid sig-
nal acquisition. The relaxation time constants were estimated via TAURUS, by
restoring the underlying mirror symmetry property of the positive and negative
half cycles of the time-domain MNP response. The relative time constants with
respect to the drive field period, $̂, were computed to enable quantitative com-
parison across different operating points. At each operating point, a linear fit
was performed to $̂ as a function of each functional parameter (i.e., tempera-
ture or viscosity). The slopes of these linear fits were utilized to compute the
temperature and viscosity sensitivities of TAURUS.
Results: Except for outlier behaviors at 1 kHz, the following global trends were
observed: $̂ decreases with drive field amplitude, increases with drive field fre-
quency, decreases with temperature, and increases with viscosity. The tem-
perature sensitivity varies slowly across the operating points and reaches a
maximum value of 1.18%/◦C. In contrast, viscosity sensitivity is high at low fre-
quencies around 1 kHz with a maximum value of 13.4%/(mPa⋅s) but rapidly falls
after 3 kHz.These results suggest that the simultaneous estimation of tempera-
ture and viscosity can be achieved by performing measurements at two different
drive field settings that provide complementary temperature/viscosity sensitiv-
ities. Alternatively, temperature estimation alone can be achieved with a single
measurement at drive field frequencies above 3 kHz, where viscosity sensitivity
is minimized.
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Conclusions: This work demonstrates highly promising temperature and vis-
cosity sensitivities for TAURUS, highlighting its potential for simultaneous esti-
mation of these two environmental parameters via MNP relaxation.The findings
of this work reveal the potential of a hybrid MPI–MFH system for real-time mon-
itored and localized thermal ablation treatment of cancer.

KEYWORDS
magnetic particle imaging, magnetic particle spectroscopy, magnetic nanoparticles, relaxation, tem-
perature mapping, viscosity mapping

1 INTRODUCTION

Magnetic particle imaging (MPI) is a tomographic imag-
ing modality,1 where magnetic nanoparticles (MNPs)
are used as imaging tracers. These MNPs are typically
cleared by the liver and hence are kidney-safe. Further-
more,the magnetic fields used in MPI are nonionizing,as
their frequencies are in the low kHz range.2 MPI exploits
the nonlinear magnetization characteristics of MNPs by
applying an AC magnetic field (i.e., the drive field) to gen-
erate a signal response, from which an MPI image of
the underlying MNP distribution is reconstructed without
any background signal from the tissue. In reality, due to
the relaxation effects, the magnetic moments of MNPs
cannot align with the drive field instantaneously, and
this delayed response causes a loss of signal-to-noise
ratio (SNR) and a blurring of the MPI image. Although
the relaxation behavior can deteriorate image quality, it
also provides functional imaging capability to MPI for
applications such as temperature mapping,3–5 viscosity
mapping,6–9 and identifying inflammation.10,11 While the
theoretical aspects of relaxation mechanisms under AC
fields need further investigation, their effects on the MPI
signal have been studied via experimental procedures.

Temperature mapping,or thermometry,presents itself
as one of the important application areas of MPI,
especially considering the fact that MNPs are also
used in thermal therapy applications such as magnetic
fluid hyperthermia (MFH). When subjected to relatively
high-frequency AC magnetic fields (e.g., 300–400 kHz),
MNPs become very efficient heat sources that can be
used to target and heat up tumor tissue without any
depth limitations and achieve immunogenicity.12–14 The
heat generation property of MNPs is based on the
same relaxation mechanisms that give MPI its func-
tional imaging capability. Moreover, the hardware of MPI
and MFH is compatible, enabling hybrid MPI-MFH sys-
tems to be constructed for image-guided localized heat
therapy.15–17 By positioning the field free region of an
MPI scanner over the tumor region, MPI can equip MFH
with localized heating capability.18,19 In addition, the MPI
image can be utilized to predict the temperature rise
prior to MFH therapy18,20,21 or to provide real-time tem-
perature feedback through temperature mapping dur-
ing MFH therapy (e.g., via a short break of imaging).

The current thermal ablation studies for prostate and
breast cancers utilize integrated magnetic resonance
imaging (MRI) and high-intensity focused ultrasound
(HIFU) systems, where MRI noninvasively monitors the
temperature and HIFU delivers thermal energy to the
tumor tissue.22,23 Some of the major drawbacks of this
approach include extremely long treatment times reach-
ing up to hours and technical limitations in HIFU beam
conformation that may result in inhomogeneous ther-
mal dose or damage to the surrounding healthy tissue.24

Here, a hybrid MPI–MFH system emerges as a very
promising alternative for thermal ablation treatment of
cancer, as MFH is depth independent and the imaging
duration of MPI is in the range of seconds to minutes.

To date, several groups have proposed different
methods to estimate temperature in MPI. Some stud-
ies worked with the spectral information of the MNP
response using a magnetic particle spectrometer (MPS)
setup, where the ratios of harmonics were related to the
temperature change.3,17,25–27 Other studies in an MPI
scanner utilized a system function approach, where the
frequency response of MNPs at different temperatures
was acquired during a calibration procedure, and the
temperatures during imaging were mapped by solving a
linear system of equations.4,28,29 In contrast to the afore-
mentioned spectral methods, we have previously pro-
posed a relaxation mapping technique called TAURUS
(TAU estimation via Recovery of Underlying mirror Sym-
metry), in which the time-domain MNP response is uti-
lized to estimate a relaxation time constant that recovers
the underlying mirror-symmetric response.6 A powerful
feature of this technique is that it can be directly applied
to both MPS and MPI signal responses since the under-
lying mirror symmetry assumption is valid independent
of the spatial distribution of MNPs.9,30 We have previ-
ously demonstrated the viscosity mapping capability of
TAURUS on our in-house MPI scanner and obtained the
optimal drive field parameters using commercially avail-
able multicore MNPs.9

An important consideration for temperature estima-
tion is that the viscosity of the environment also needs
to be accounted for, as these two parameters are bound
to have confounding effects on the MNP signal.31 Dif-
ferent tissues may show varying degrees of change
in their viscosity levels as a function of temperature,32
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or different initial viscosity levels may lead to different
trends on the relaxation time constant as a function of
temperature.These factors can in turn lead to erroneous
temperature estimations.Therefore, to achieve accurate
temperature estimations, either the MNP signal needs
to be desensitized to the viscosity effect, or viscosity
and temperature need to be estimated simultaneously.
In this work, we experimentally analyze the effects of
temperature on TAURUS while taking the viscosity level
into account to highlight its potential for simultaneous
estimation of these two parameters. With extensive
experiments, we cover the therapeutically applicable
temperature range (25–45◦C) and the biologically rele-
vant viscosity range (<4 mPa⋅s) and utilize 60 different
operating points with drive field amplitudes ranging
between 5 and 25 mT and frequencies ranging between
1 and 7 kHz. To enable this experimental procedure, we
have developed an in-house arbitrary-waveform MPS
setup with temperature-controlled heating capability,
which can rapidly acquire a wide range of operating
points grouped together with respect to their signal lev-
els to ensure gain maximization. The results show that
the temperature sensitivity of TAURUS slowly varies
in these drive field settings and reaches a maximum
value of 1.18%/◦C, whereas viscosity sensitivity is high
at lower frequencies around 1 kHz with a maximum
value of 13.4%/(mPa⋅s). Furthermore, we propose
strategies for simultaneous estimation of temperature
and viscosity using two different drive field settings,
or temperature estimation alone at frequencies where
viscosity sensitivity is minimized.

2 THEORY

Using Faraday’s law of induction, the received signal in
MPI can be expressed as follows33,34:

sreceived(t) = −d&(t)
dt= −'0 ∫V

B1(r) ⋅ (M(r, t)(t
dV

= −'0 ∫V
B1(r) ⋅ c(r)

(m̄(H(r, t))(t
dV

. (1)

Here, &(t) is the magnetic flux, B1(r) is the position-
dependent receive coil sensitivity, H(r, t) is the applied
field, and “⋅” indicates vector dot product. In addition,
M(r, t) is the MNP magnetization, which is equal to the
multiplication of MNP concentration, c(r), and the aver-
age magnetic dipole moment, m̄(H).

In the case of a typical MPS setup, we can assume
that the applied field over the sample is homogeneous
in space and unidirectional (e.g., only along the z-
direction), the receive coil sensitivity in that direction is

also homogeneous, and the MNP concentration is uni-
form within the sample.Under these assumptions,Equa-
tion (1) can be rewritten as

sreceived(t) = −'0 ∫V
B1c

dm̄(H(t))
dt

dV

= −'0B1cVS
dm̄(H(t))

dt

. (2)

Here,VS is the sample volume and the multiplication of c
and VS is equal to the total iron mass within the sample.

Assuming that the MNPs follow Langevin physics with
an adiabatic approximation that their dipole moments
immediately align with the applied field, sadiabatic(t) can
be written as

sadiabatic(t) = −'0B1cVSm
d(kH(t))

dt= −*̇(kH(t)) Ḣ(t)
, (3)

where

* = '0B1cVSmk. (4)

Here, m is the magnetic moment of a single MNP,(⋅) is
the Langevin function and ̇(⋅) is its derivative, and k is
a parameter that depends on m and MNP temperature.

In reality, the adiabatic approximation is not valid for
rapidly time-varying applied fields, where the alignment
of the magnetic moment lags behind due to the relax-
ation mechanism of MNPs through a combination of an
external physical rotation (i.e., Brownian relaxation) and
an internal rotation (i.e., Néel relaxation).35,36 The gov-
erning relations for these two relaxation mechanisms for
the “zero-field” case (i.e., when a DC field is abruptly set
to zero) are given as follows:

$B = 3,Vh

kBT
, (5)

$N = $0

(√-
2

)⎛
⎜
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√
kBT
KVc

⎞
⎟
⎟⎠
e

KVc
kBT . (6)

Here,$B is the Brownian relaxation time constant,, is the
viscosity of the medium, Vh is the hydrodynamic volume
of the MNP, kB is the Boltzmann’s constant, and T is the
temperature. In addition, $N is the Néel relaxation time
constant,$0 is the so-called attempt time (in the order of∼1 ns),7,37 and Vc and K are the core volume and the
anisotropy constant of the MNP, respectively.

As seen in Equations (5) and (6), the relaxation time
constants are dependent on the environmental condi-
tions, namely temperature and viscosity. This feature
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makes the relaxation mechanism particularly important
for functional imaging purposes in MPI. However, the
zero-field condition does not directly apply in MPI, since
a continuous sinusoidal drive field is utilized together
with simultaneous signal reception. While the theoreti-
cal aspect of the relaxation mechanisms under an oscil-
lating magnetic field is still incomplete,38 the “effective”
relaxation process in the case of a sinusoidal drive field
was previously modeled as a first-order Debye process,
where the relaxation behavior causes the time-domain
MNP response to simultaneously get delayed in time
and lose signal amplitude.39,40 Accordingly, the relation-
ship between sreceived(t) and sadiabatic(t) is expressed as
follows:

sreceived(t) = sadiabatic(t) ∗ {
1$ e− t$ u(t)

}. (7)

Here, u(t) is the Heaviside step function and “∗” denotes
convolution in the time domain.In this phenomenological
model, $ denotes the effective relaxation time constant.

As described in our previous work, sadiabatic(t) has
mirror symmetric positive and negative half cycles, but
that mirror symmetry is broken due to the relaxation
effects on sreceived(t). We have previously developed a
technique called TAURUS, which directly estimates $ as
follows6,9,30:

$ = S∗
pos(f ) + Sneg(f )

i2-f (S∗
pos(f ) − Sneg(f ))

. (8)

Here, Spos(f ) and Sneg(f ) are the Fourier transforms
of the positive and negative half cycles of sreceived(t),
respectively, and the superscript “∗” sign denotes com-
plex conjugation.

Note that the relaxation time constant, $, in Equa-
tions (7) and (8) is also dependent on both temperature
and viscosity,6 since $ corresponds to an effective com-
bination of $B and $N under a sinusoidal drive field. Fur-
thermore, viscosity is known to decrease with tempera-
ture, which causes these two environmental parameters
to have confounding effects on the MNP response.31

In the following sections, the effects of temperature
and viscosity on $ are analyzed under a wide range of
drive field settings using an in-house arbitrary-waveform
MPS setup.

3 MATERIALS AND METHODS

3.1 Sample preparation

A total of 15 samples with glycerol mass percentages
ranging between 0.4% and 56.3% were prepared to
achieve targeted biologically relevant viscosity levels
at different temperatures, following the formulations in

(a)

(b)

(c)

F IGURE 1 In-house arbitrary-waveform MPS setup, designed to
enable temperature-controlled heating of the MNP samples. (a) The
drive coil consisted of four sections and the receive coil was a
two-section gradiometer-type coil that mirrors the structure of the
drive coil. The arrows show the winding directions. (b) The drive and
receive coils were placed coaxially, and the moving subparts of the
receive coil were adjusted with a screw mechanism to minimize the
mutual inductance between the two coils. (c) An overview of the
experimental setup. The samples were placed in a
temperature-controlled water tube, and the temperature of each
sample was monitored with a fiber optic temperature probe. The
dashed arrows indicate the direction of signal flow

Ref. 41. The samples were prepared at a room temper-
ature of 25◦C in 0.2 mL PCR tubes. The corresponding
glycerol volume percentages at 25◦C ranged between
0.3% and 50.5%, which were calculated based on the
densities of glycerol and water at 25◦C.42,43 At 25◦C,
each sample had a total volume of 150 µL and con-
tained 60 µL of undiluted Perimag nanoparticles (Micro-
mod GmbH,Germany) at 303.6 mM initial concentration
(i.e.,each sample had 1 mg Fe).For the remaining 90 µL,
varying volumes of double-distilled water and glycerol
were added. The viscosity levels at different tempera-
tures were calculated based on the mass percentages,
as described by Ref.41.We assumed that undiluted Per-
imag has the same viscosity as distilled water in the
calculations. As seen in Table 1, at fixed temperature,
viscosity increases with increasing glycerol percentage.
On the other hand, the viscosity of a sample at a fixed
glycerol percentage decreases with increasing temper-
ature. This physical phenomenon enabled us to design
experiments such that four different target viscosity lev-
els (0.9, 1.8, 2.7, and 3.6 mPa⋅s) were achieved at five
different temperatures (25, 30, 35, 40, and 45◦C), as
highlighted with bold font in Table 1.

3.2 Experimental setup and
procedures

Experiments were performed on our in-house arbitrary-
waveform MPS setup (see Figure 1). The nanoparti-
cle samples were placed in a temperature-controlled
water tube during the experiments. To accommodate
the placement of this structure into the measurement
chamber (see Figure 1c), a 41.5-mm inner diameter
drive coil was designed to consist of four sections of
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TABLE 1 Glycerol percentages and viscosity levels at five different temperatures for the 15 MNP samples used in this work. Each sample
contained 60 µL of undiluted Perimag nanoparticles at 25◦C. The bold values highlight four different target viscosity levels achieved at five
different temperatures

Viscosity (mPa⋅s)Glycerol %
volume at 25◦C

Glycerol %
weight 25◦C 30◦C 35◦C 40◦C 45◦C

0.3 0.4 0.90 0.81 0.73 0.66 0.60

4.1 5.1 1.01 0.90 0.81 0.74 0.67

7.6 9.4 1.13 1.00 0.90 0.81 0.74

11.0 13.5 1.26 1.12 1.00 0.90 0.82

14.2 17.3 1.40 1.24 1.11 1.00 0.90

21.1 25.2 1.80 1.58 1.40 1.25 1.12

24.6 29.2 2.06 1.80 1.59 1.41 1.27

28.0 32.9 2.36 2.06 1.81 1.60 1.43

31.2 36.4 2.71 2.34 2.05 1.80 1.60

34.5 39.9 3.13 2.69 2.34 2.05 1.82

37.7 43.3 3.63 3.10 2.68 2.34 2.06

41.0 46.7 4.25 3.61 3.11 2.70 2.36

44.2 50.0 5.00 4.22 3.61 3.11 2.71

47.4 53.2 5.93 4.97 4.22 3.61 3.13

50.5 56.3 7.06 5.87 4.94 4.21 3.62

equal length separated by 20-mm gaps (see Figure 1a).
Each section had three layers of windings with six turns
per layer, wound using 125-strand 40 AWG Litz wire
(MWS Wire Industries). The sensitivity of the drive coil
was measured using a gaussmeter (LakeShore, 475
DSP) by applying 1 A of current at frequencies ranging
between 1 and 10 kHz.The sensitivity was measured as
0.65 mT/A,with a negligible standard deviation of 2 µT/A
in this frequency range.

As shown in Figure 1a, an 11-mm inner diameter
receive coil was designed as a two-section gradiometer-
type coil,where each section was further divided into two
subparts to mirror the structure of the drive coil. These
subparts were separated by 21.6-mm gaps, and each
part contained 15 layers with nine turns per layer,wound
using 125-strand 44 AWG Litz wire (MWS Wire Indus-
tries).The two subparts where the sample was placed in
between were fixed to the drive coil, whereas the other
two subparts were attached to a plastic screw to enable
fine-tuned adjustment of their position. These moving
subparts enabled high precision decoupling between
the drive and the receive coils,which were placed coaxi-
ally as shown in Figure 1b. The sensitivity of the receive
coil was measured as 4.1 mT/A at 1 kHz, and its self -
resonance was measured to be above 200 kHz, which
is well outside the range of frequencies of interest in
this work.

The resistance and the inductance of the drive coil
were measured with an LCR meter (GW Instek LCR-
8100) as 0.29 Ω and 92 µH, respectively, for frequen-
cies lower than 10 kHz. Owing to the low inductance
of the drive coil, the need for impedance matching was

eliminated so that the drive coil could be directly con-
nected to an AC power amplifier (AE Techron 7224).This
arbitrary-waveform MPS characteristic44,45 enabled us
to apply any drive field signal below 10 kHz without using
additional capacitive circuitry.

The experimental setup was controlled with a fully
automated custom script in MATLAB (Mathworks, Nat-
ick, MA, USA). The drive field waveform was sent to
the AC power amplifier via a data acquisition card (NI
PCI-6115), and the received signal was also digitized
using the same card with a sampling rate of 2 MS/s.The
PCR tubes that contained the samples were placed ver-
tically in the holes cut out on a water tube and sealed
with hot glue to prevent water leakages. A temperature-
controlled water pump was used to circulate hot water
inside the water tube, heating up the samples to the
desired temperatures via conduction. During the exper-
iments, the temperature of the sample of interest was
monitored with a fiber optic temperature probe (Neop-
tix Reflex-4) placed inside the PCR tube. The drive coil
was cooled with cold air to prevent resistive-heating-
induced field fluctuations, and its temperature was mon-
itored with a thermal camera (Seek Thermal Reveal
Pro). On the receive side, the nanoparticle signal first
passed through an analog Butterworth low pass fil-
ter (SRS SIM965) with 200 kHz cutoff frequency and
48 dB/octave roll-off, and then amplified with a BJT
preamplifier (SRS SIM911).

The samples were tested at seven different drive
field frequencies (fd) ranging between 1 and 7 kHz
with 1 kHz increments and nine different drive field
amplitudes ranging between 5 and 25 mT with 2.5 mT
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(a)

(b)

(c)

F IGURE 2 Operating points and the corresponding drive field
waveforms. (a) 60 different operating points were divided into four
groups with comparable signal amplitudes, as enumerated and
marked with colors. The grouping ensured that the peak signal
amplitude within each group varied by at most threefold, enabling
maximization of the signal gain. The black portion indicates the
operating points that exceeded the hardware limitations. (b) The drive
field waveform for each group and the number of operating points in
each group. The waveform at each operating point contained 40
periods followed by a gap of the same duration. (c) A zoom-in plot,
showing an example drive field waveform at (3 kHz, 25 mT)

increments.Among the resulting 63 operating points, the
following three operating points could not be utilized due
to hardware limitations: (6 kHz,25 mT), (7 kHz,22.5 mT),
(7 kHz, 25 mT). Since the received signal was picked up
inductively, its amplitude is approximately proportional
to both the drive field amplitude and frequency (see
Equation 3). Therefore, the remaining 60 operating
points were divided into four groups with comparable
signal amplitudes, as shown in Figure 2a. Within each
group, the peak signal amplitude varied by at most
threefold among different operating points. The drive
field waveform at each operating point contained 40

periods followed by a gap of the same duration to avoid
any transient effects (see Figure 2b).A calibration stage
was performed prior to the measurement stage in which
the drive amplitudes within a group were calibrated with
a Rogowski current probe (LFR 06/6/300) using the
coil sensitivity data measured earlier. Then, a single
gain value for that group was selected as the maximum
gain that does not overload the preamplifier. In the
measurement stage, two consecutive acquisitions were
performed: an empty-chamber baseline acquisition and
an acquisition with the sample. In each case, the mean
of four acquisitions was recorded to increase the SNR.
Furthermore, all measurements were repeated three
times by randomizing the ordering of the operating
points within each group, with the goal of eliminating
potential ordering-related biases in the results. Overall,
a total of 3600 measurements were performed (i.e., four
viscosity levels, five temperatures, 60 operating points,
and three repetitions).

3.3 Data postprocessing

All postprocessing was performed in MATLAB. Each
baseline measurement was first subtracted from the cor-
responding sample measurement to eliminate any resid-
ual direct-feedthrough and potential interferences, and
digitally upsampled to 16 MS/s sampling rate. Then, the
MNP signal was divided by the corresponding pream-
plifier gain used for that measurement. Next, the noise
level was calculated using the nonharmonic frequencies,
and the harmonics with signal levels above the noise
level were selected. To avoid interference at the self -
resonance frequency of the receive coil, only the fre-
quencies smaller than 200 kHz were utilized.After that,a
high-order zero-phase digital low-pass filter was applied
in the time domain, with the cutoff frequency set to the
highest selected harmonic frequency.

3.4 Time constant and sensitivity
analysis

The relaxation time constant, $, of the nanoparticle sig-
nal was estimated using TAURUS as described in Equa-
tion (8).The range of $ values among different drive field
frequencies can differ considerably. Therefore, for quan-
titative comparison purposes, $ values were converted
to percentages with respect to a single drive field period,
Pd = 1∕fd , that is,

$̂ = $
Pd

× 100. (9)

Here, $̂ enables us to quantify the relative delay with
respect to the period caused by relaxation.
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Next, at each operating point, a linear fit was per-
formed to the $̂ values as a function of each functional
parameter (i.e., temperature or viscosity) to quantify the
sensitivity of the relaxation time constant to that param-
eter. The slope of this linear fit was utilized to define a
sensitivity metric. Accordingly, the relative temperature
sensitivity of an operating point can be expressed as
follows:

Tsensitivity = |$̂end − $̂start|∕$̂start

Tend − Tstart
× 100

= |$end − $start|∕$start

Tend − Tstart
× 100

. (10)

Here,Tsensitivity describes the percentage change in $̂ (or$) per 1◦C change in temperature and has the unit of
%/◦C.For the experiments in this work,Tstart = 25◦C and
Tend = 45◦C, and $̂start and $̂end are the $̂ values corre-
sponding to those temperatures on the fitted line. Like-
wise, relative viscosity sensitivity of an operating point
can be expressed as follows:

,sensitivity = |$̂end − $̂start|∕$̂start,end − ,start
× 100

= |$end − $start|∕$start,end − ,start
× 100

. (11)

Here,,sensitivity describes the percentage change in $̂ (or$) per 1 mPa⋅s change in viscosity and has the unit of
%/(mPa⋅s). For the experiments performed in this work,,start = 0.9 mPa⋅s and ,end = 3.6 mPa⋅s, and $̂start and$̂end are the $̂ values corresponding to those viscosity
levels on the fitted line.

4 RESULTS

4.1 Time constant versus operating
point

The relative time constants with respect to period, $̂’s,
computed using Equation (9) are plotted in Figure 3 as
a function of the drive field amplitude at seven differ-
ent frequencies. The error bars indicate standard devia-
tions (STD) across three repetitions. Here, the rows and
the columns correspond to the results at distinct viscos-
ity levels and temperatures, respectively. Apart from a
few exceptional cases at low drive field amplitudes, $̂
decreases with drive field amplitude at all frequencies,
as the MNPs align faster under larger forcing fields. In
contrast, $̂ increases with drive field frequency, as the
delay in the alignment of the MNPs becomes more sub-
stantial at shorter periods. Interestingly, there is an out-
lier behavior at 0.9 mPa⋅s where $̂ reaches its highest
values at the lowest frequency of 1 kHz. In general,com-
paring the amount of change in $̂ as the amplitude is

F IGURE 3 The relative time constants with respect to the drive field period, $̂’s, plotted as a function of the drive field amplitude at seven
different frequencies. The rows and the columns correspond to distinct viscosity levels and temperatures, respectively. Overall, $̂ decreases with
drive field amplitude and increases with drive field frequency. Here, the error bars denote standard deviations across three repetitions
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F IGURE 4 The mean values of $̂ at 60 different operating points displayed as color maps, as a function of viscosity and temperature. The
rows and the columns correspond to the results at distinct drive field frequencies and amplitudes, respectively. Overall, $̂ decreases with
temperature and increases with viscosity

increased fivefold and the frequency is increased sev-
enfold, it can be observed that the effect of amplitude
on $̂ is more dramatic than that of frequency. As the
field is increased from 5 to 25 mT, $̂ decreases by 45%
on average (from 3.25% ± 0.38% to 1.78% ± 0.17%,
mean ± STD). On the other hand, as the frequency
is increased from 1 to 7 kHz, $̂ increases by 24%
on average (from 2.53% ± 0.58% to 3.14% ± 0.53%,
mean ± STD).

In Figure 4, the mean values of $̂ at 60 different
operating points are displayed as color maps, where
the rows and the columns correspond to the results at
distinct drive field frequencies and amplitudes, respec-
tively.As stated previously, $̂ decreases towards the low-
frequency high-amplitude operating points, reaching the
lowest values around (1 kHz, 25 mT) and the high-
est values around (7 kHz, 5 mT). The outlier behavior
at 1 kHz and at 0.9 mPa⋅s in Figure 3 is also clearly
visible in Figure 4 where $̂ shows an abrupt increase.
This behavior persists at higher temperatures but dimin-
ishes at higher viscosity levels. As expected from Equa-
tions (5) and (6), there is a global decrease in $̂ as tem-
perature increases. Moreover, $̂ increases as viscosity
increases at high frequencies, as expected from Equa-
tion (5). However, this trend changes at low frequencies
indicating the insufficiency of the zero-field relaxation
theory in explaining the trends for sinusoidal drive fields.

4.2 Temperature and viscosity
sensitivities

In Figure 5, $̂ is plotted with respect to each func-
tional parameter (i.e., temperature or viscosity) at four
selected operating points: (1 kHz, 5 mT), (1 kHz, 25 mT),
(7 kHz, 5 mT), and (6 kHz, 22.5 mT). In Figure 5a, a
line is fitted to each $̂ versus temperature curve at four
different viscosity levels. Likewise, in Figure 5(b), a line
is fitted to each $̂ versus viscosity curve at five differ-
ent temperatures. Here, the sensitivity metrics given in
Equations (10) and (11) are computed using the slopes
of the above-mentioned linear fits,and they describe the
percentage change in $̂ as a function of temperature or
viscosity.Accordingly, in Figure 5a, $̂ decreases with tem-
perature at all operating points and at all viscosity lev-
els, displaying the highest temperature sensitivities at
1 kHz. For example, at (1 kHz, 5 mT), the temperature
sensitivity is 0.93 %/◦C at 0.9 mPa⋅s. As the frequency
increases, the temperature sensitivity decreases, reach-
ing a value of 0.36 %/◦C at (7 kHz, 5 mT) at 0.9 mPa⋅s.
In Figure 5b, $̂ decreases rapidly with increasing viscos-
ity at all temperatures at (1 kHz,5 mT),corresponding to
a viscosity sensitivity of 12.7%/(mPa⋅s) at 25◦C. In con-
trast, $̂ versus viscosity curves flatten out at higher fre-
quencies, indicating reduced sensitivities to viscosity.For
example, at (6 kHz, 22.5 mT), the viscosity sensitivity is



2598 TEMPERATURE AND VISCOSITY ESTIMATION

(a)

(b)

F IGURE 5 $̂ with respect to temperature and viscosity at four
selected operating points. From left to right: (1 kHz, 5 mT),
(1 kHz, 25 mT), (7 kHz, 5 mT), (6 kHz, 22.5 mT). (a)$̂ versus temperature at four different viscosity levels, and (b)$̂ versus viscosity at five different temperatures. Here, each dot
represents a measurement (all three repetitions marked separately),
and the lines correspond to the linear fits to $̂ versus temperature or$̂ versus viscosity. This procedure is repeated at all operating points,
and the sensitivity metrics are computed using the slopes of the
linear fits

0.36%/(mPa⋅s) at 25◦C. Next, in Figure 6, the estimated
sensitivities for temperature and viscosity for all oper-
ating points are given as color maps. Figure 6a shows
temperature sensitivities at different operating points in
units of %/◦C,computed using Equation (10).Here,each
subplot displays the temperature sensitivities at distinct
viscosity levels from 0.9 mPa⋅s to 3.6 mPa⋅s. As seen
in these results, temperature sensitivity changes rela-
tively slowly across different operating points,displaying
a smooth trend. The highest temperature sensitivity of
1.18 %/◦C is achieved at (1 kHz, 5 mT) at 1.8 mPa⋅s. As
a function of viscosity, temperature sensitivities have the
highest values at the lowest viscosity level of 0.9 mPa⋅s,
and they fall down gradually at higher viscosity levels.

The viscosity sensitivities at different operating points
estimated using Equation (11) are shown in Figure 6b,
in units of %/(mPa⋅s). Here, each subplot corresponds
to viscosity sensitivities at a distinct temperature from
25◦C to 45◦C. In contrast to the slowly varying changes
seen in the temperature sensitivity maps, viscosity sen-
sitivity displays a drastic change as a function of drive
field frequency.As seen in this figure,viscosity sensitivity
reaches values 10%/(mPa⋅s) at low frequencies around
1 kHz with a maximum value of 13.4%/(mPa⋅s) achieved
at (1 kHz, 5 mT) at 30◦C, but rapidly falls after 3 kHz.
When evaluated as a function of temperature, viscos-

(a)

(b)

F IGURE 6 The estimated temperature and viscosity sensitivities
at all operating points displayed as color maps. (a) The temperature
sensitivities (in %/◦C) at four different viscosity levels change
relatively slowly across different operating points. (b) The viscosity
sensitivities (in %/(mPa⋅s)) at five different temperatures show a
drastic change as a function of drive field frequency, reaching the
highest values of 10%/(mPa⋅s) at low frequencies around 1 kHz

ity sensitivity remains almost constant showing relatively
small variations at different temperatures.

Overall, Figure 6 clearly demonstrates viscosity-
dependent temperature sensitivity and temperature-
dependent viscosity sensitivity, underscoring the con-
founding effects of these two environmental parameters
on the relaxation time constant.

5 DISCUSSION

In this work, we analyzed the simultaneous effects of
temperature and viscosity on relaxation time constant
estimation via TAURUS. The results show that the drive
field settings have a substantial impact on how sensi-
tively $ responds to these environmental parameters.
According to the results in Figure 6a, temperature sen-
sitivity varies smoothly as a function of frequency and
amplitude. In contrast, Figure 6b demonstrates that vis-
cosity sensitivity is high at low frequencies around 1 kHz,
whereas the time constants largely get desensitized to
the viscosity effect for frequencies higher than 3 kHz.
This result suggests that the Néel relaxation process,
which does not depend on viscosity, may be the domi-
nant mechanism at higher frequencies. Note that these
results are in line with the previous work, which has
shown that the Brownian relaxation is dominant at lower
frequencies, whereas the Néel relaxation dominates at
higher frequencies.3,46–50 Based on these results, two
different strategies can be envisioned for simultaneous
temperature and viscosity estimation via TAURUS: (1)
Performing measurements at two different drive field
frequencies, for example, one measurement at (1 kHz,
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5 mT) where both temperature and viscosity sensitivities
are high, and another measurement at (4 kHz, 15 mT)
where viscosity sensitivity is minimized but temperature
sensitivity is still high. (2) Performing measurements at
two different drive field amplitudes at a fixed frequency
around 1 kHz, for example, one measurement at (1 kHz,
5 mT) where both temperature and viscosity sensitivities
are high, and another measurement at (1 kHz, 25 mT)
where temperature sensitivity is high but viscosity sen-
sitivity is considerably lower. Alternatively, if the goal is
to estimate the temperature alone, a single measure-
ment can be performed at a medium-to-high amplitude
drive field at frequencies above 3 kHz, where the signal
is largely desensitized to the viscosity effect but is highly
sensitive to temperature.

The temperature and viscosity metrics in Equa-
tions (10) (11) were defined using the slopes of the lin-
ear fits to $̂ versus temperature and $̂ versus viscos-
ity curves. According to Equations (5) (6), while $B lin-
early depends on viscosity, neither $B nor $N has lin-
ear dependence with respect to temperature. However,
from 25◦C to 45◦C, the absolute temperature in Kelvin
changes by only about 6.7%. In this narrow range of
temperatures, a linear approximation to $̂ versus tem-
perature shows a very good fit with the measurements,
as seen in Figure 5a. Despite the small change in abso-
lute temperature, the estimated time constants change
by more than 20% at the highest sensitivity operating
points, underscoring the temperature estimation capa-
bility of TAURUS. For the operating points tested in
this work, the highest temperature sensitivity of TAU-
RUS reaches 1.18%/◦C. As a comparison, MRI ther-
mometry was shown to have the following sensitivity
levels51: equilibrium magnetization M0 has a sensitivity
of 0.3%/◦C, T1 relaxation constant has a sensitivity of
1%/◦C, and the resonance frequency has a sensitivity
of 0.01 ppm/◦C. While some of these sensitivities are
comparable to that of TAURUS, MFH treatments can-
not be integrated within an MRI scanner,as the static B0
field would saturate the MNP response. In contrast, MPI
is compatible with MFH and provides localized heating
capability, all the while promising high sensitivity ther-
mometry. It should be noted that for in vivo cases, the
accuracy of $ estimation itself will be as important as
temperature sensitivity in determining the performance
of MPI thermometry.

In contrast to the relatively small 6.7% change in abso-
lute temperature, the change in viscosity from 0.9 to
3.6 mPa⋅s is fourfold. While Equation (5) indicates a lin-
ear relationship between $B and viscosity for the zero-
field case, $ as measured in this work is an effective
relaxation time constant that does not correspond to
either the Brownian or the Néel relaxations alone and
the zero-field assumption does not apply for AC fields.
Consequently, in this wide range of viscosity levels, the
linear fits to $̂ versus viscosity curves may not reflect
the true trends. For example, in Figure 5b, $̂ shows a

nonlinear trend especially at (1 kHz, 5 mT). The highest
viscosity sensitivity of 13.4%/(mPa⋅s) is also achieved
at this operating point. If the linear fits were computed
using the lowest two viscosity levels of 0.9–1.8 mPa⋅s,
the viscosity sensitivity would reach even higher values
of 30%/(mPa⋅s) at 1 kHz. These high viscosity sensitiv-
ities underline the cancer imaging potential of MPI via
viscosity mapping, as tumor microenvironment is known
to have high-viscosity levels.52

According to Figure 6, temperature sensitiv-
ity decreases with viscosity. As given in Equa-
tions (5) and (6), viscosity is only effective on the
Brownian relaxation process, whereas temperature is
effective on both the Néel and Brownian relaxations.
At higher viscosity levels, the relaxation starts to get
dominated by the Néel relaxation, as the Brownian
rotation significantly slows down.53,54 Consequently,
temperature sensitivity may be higher at low viscosity
levels as it has both Brownian and Néel contributions,
while being restricted to the Néel contribution alone
at higher viscosity levels, explaining the decrease in
temperature sensitivity.

The experiments in this work were performed in an
arbitrary waveform MPS setup that enabled us to rapidly
cover a wide range of operating points. It is important
to note that TAURUS can be directly applied to MPI
imaging experiments as well.9,30 With that said, our pre-
vious work has shown that $ versus viscosity curves
follow similar trends for both MPS and MPI cases, but
with a given trend observed at higher frequencies for
the MPI case.9 Furthermore, our previous MPS results
have demonstrated that $ versus viscosity curves of
different MNPs also showed similar trends but at dif-
ferent frequencies.6 Both of these observations indi-
cate that there are underlying global trends in $ dic-
tated by MNP characteristics and environmental condi-
tions, and that MPS results can be utilized to forecast
MPI results. Notwithstanding, a similar analysis to the
one presented in this work should also be performed to
demonstrate the simultaneous temperature and viscos-
ity mapping capability of relaxation-based color MPI for
imaging applications and using different MNPs, which
remains an important future work.

6 CONCLUSION

In this work,highly promising temperature sensitivity and
viscosity sensitivity levels were demonstrated for relax-
ation time constant estimation via TAURUS, underlin-
ing its capability for simultaneous estimation of these
environmental parameters. The results of the extensive
experiments performed on our in-house arbitrary wave-
form MPS setup show that the temperature sensitiv-
ity changes slowly across different drive field settings,
while the viscosity sensitivity is high at low frequencies
around 1 kHz and rapidly falls after 3 kHz. These results
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suggest that simultaneous estimation of temperature
and viscosity can be achieved by performing measure-
ments at two different drive field settings with com-
plementary temperature/viscosity sensitivities. Alterna-
tively, temperature estimation alone can be achieved at
frequencies above 3 kHz by desensitizing the signal to
the viscosity effect. The presented results also highlight
the promise of MPI for functional imaging,and the poten-
tial of a hybrid MPI–MFH system for real-time monitored
and localized thermal ablation treatment of cancer.
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