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Abstract

Purpose: Magnetic hyperthermia treatment (MHT) is a strategy for cancer therapy using the tem-
perature rise of magnetic nanoparticles (MNPs) under an alternating magnetic field (AMF). Re-
cently, a new imaging method called magnetic particle imaging (MPI) has been introduced. MPI
allows imaging of the spatial distribution of MNPs. The purpose of this study was to investigate the
feasibility of visualizing and quantifying the intratumoral distribution and temporal change of
MNPs and predicting the therapeutic effect of MHT using MPI. Materials and Methods: Colon-26
cells (1 x 106 cells) were implanted into the backs of eight-week-old male BALB/c mice. When the
tumor volume reached approximately 100 mm3, mice were divided into untreated (n = 10) and
treated groups (n = 27). The tumors in the treated group were directly injected with MNPs (Re-
sovist®) with iron concentrations of 500 mM (A, n = 9), 400 mM (B, n = 8), and 250 mM (C, n = 10),
respectively, and MHT was performed using an AMF with a frequency of 600 kHz and a peak am-
plitude of 3.5 kA/m. The mice in the treated group were scanned using our MPI scanner imme-
diately before, immediately after, 7 days, and 14 days after MHT. We drew a region of interest
(ROI) on the tumor in the MPI image and calculated the average, maximum, and total MPI values
and the number of pixels by taking the threshold value for extracting the contour as 40% of the
maximum MPI value (pixel value) within the ROI. These parameters in the untreated group were
taken as zero. We also measured the relative tumor volume growth (RTVG) defined by (V-Vy)/V,,
where Vp and V are the tumor volumes immediately before and after MHT, respectively. Results:

“Corresponding author.
How to cite this paper: Kuboyabu, T., Yabata, I., Aoki, M., Banura, N., Nishimoto, K., Mimura, A. and Murase, K. (2016)

Magnetic Particle Imaging for Magnetic Hyperthermia Treatment: Visualization and Quantification of the Intratumoral Dis-
tribution and Temporal Change of Magnetic Nanoparticles in Vivo. Open Journal of Medical Imaging, 6, 1-15.
http://dx.doi.org/10.4236/0jmi.2016.61001



http://www.scirp.org/journal/ojmi
http://dx.doi.org/10.4236/ojmi.2016.61001
http://dx.doi.org/10.4236/ojmi.2016.61001
http://www.scirp.org
http://creativecommons.org/licenses/by/4.0/

T. Kuboyabu et al.

The average, maximum, and total MPI values decreased up to 7 days after MHT and remained al-
most constant thereafter in all groups, whereas the number of pixels tended to increase with time.
The RTVG values in Groups A and B were significantly lower than those in the control group 3 days
or more and 5 days or more after MHT, respectively. The above four parameters were significantly
inversely correlated with the RTVG values 5, 7, and 14 days after MHT. Conclusion: MPI can vi-
sualize and quantify the intratumoral distribution and temporal change of MNPs before and after
MHT. Our results suggest that MPI will be useful for predicting the therapeutic effect of MHT and
for the treatment planning of MHT.
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1. Introduction

Hyperthermia is one approach to cancer therapy, and is based on the fact that cancer cells are more sensitive to
heat than normal tissues. The most commonly used heating method in the clinical setting is capacitive heating
that uses a radiofrequency (RF) electric field [1]. The therapeutic effect of hyperthermia depends on the temper-
ature of the targeted region and the heating duration [2]. The cell-killing mechanism of hyperthermia is related
to the activation of immune system, and its efficacy increases dramatically at temperatures above 42°C to 43°C
[3]. The therapeutic effect of hyperthermia can also be enhanced by combining it with radiotherapy, chemothe-
rapy, and immunotherapy [4]-[6]. Conventional hyperthermia treatments, however, cause damage to not only
cancer cells but also normal tissues. Therefore, it is important to heat the targeted region selectively for safe
treatment.

Magnetic hyperthermia treatment (MHT) is one of the methods for hyperthermia treatment and employs the
temperature rise of magnetic nanoparticles (MNPs) under an alternating magnetic field (AMF). MNPs generate
heat through hysteresis loss and/or relaxational loss when exposed to AMF [7]. MHT can selectively heat tumor
cells without damaging normal tissues [8]. In order to enhance the therapeutic effect of MHT, it is necessary to
deliver and accumulate as many MNPs as possible into the tumor tissues [9]. Therefore, the development of
functionalized MNPs to improve their delivery, accumulation, and anti-tumor effect has attracted recent atten-
tion. In addition, various nanocarriers such as magnetic liposomes loading anti-tumor agents, magnetic cationic
liposomes, and antibody-conjugated magnetic liposomes have been developed for more effective cancer treat-
ment in animal models [10]-[12].

Magnetic particle imaging (MPI) is an imaging method that has been introduced recently [13]. MPI uses a
nonlinear response of MNPs to an external oscillating magnetic field and is capable of imaging the spatial dis-
tribution of MNPs such as superparamagnetic iron oxide (SP10) with high sensitivity and high spatial resolution
[13].

The purpose of this study was to investigate the feasibility of visualizing and quantifying the intratumoral
distribution and temporal change of MNPs using MPI and to evaluate the usefulness of MPI for predicting the
therapeutic effect of MHT.

2. Materials and Methods
2.1. System for Magnetic Particle Imaging

The details of our MPI system are described in our previous papers [14]-[19]. In brief, a drive magnetic field
was generated using an excitation coil (solenoid coil 100 mm in length, 80 mm in inner diameter, and 110 mm
in outer diameter). AC power was supplied to the excitation coil by a programmable power supply (EC1000S,
NF CO., Yokohama, Japan), and was controlled using a sinusoidal wave generated by a digital function genera-
tor (DF1906, NF Co., Yokohama, Japan). The frequency and peak-to-peak strength of the drive magnetic field
were taken as 400 Hz and 20 mT, respectively. The signal generated by MNPs was received by a gradiometer
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coil (50 mm in length, 35 mm in inner diameter, and 40 mm in outer diameter), and the third-harmonic signal
was extracted using a preamplifier (T-AMPO3HC, Turtle Industry Co., Ibaragi, Japan) and a lock-in amplifier
(L15640, NF Co., Yokohama, Japan). The output of the lock-in amplifier was converted to digital data by a per-
sonal computer connected to a multifunction data acquisition device with a universal serial bus port (USB-6212,
National Instruments Co., TX, USA). The sampling time was taken as 10 msec. When measuring signals using
the gradiometer coil, a sample was placed 12.5 mm (i.e., one quarter of the coil length) from the center of the
gradiometer coil and the coil, including the sample, was moved such that the center of the sample coincided with
the position of a field-free line. The selection magnetic field was generated by two opposing neodymium mag-
nets (Neomax Engineering Co., Gunma, Japan). The field-free line can be generated at the center of the two
neodymium magnets.

To acquire projection data for image reconstruction, a sample in the receiving coil was automatically rotated
around the z-axis over 180° in steps of 5° and translated in the x-direction from —16 mm to 16 mm in steps of 1
mm, using an XY Z-axes rotary stage (HPS80-50X-M5, Sigma Koki Co., Tokyo, Japan) controlled by LabVIEW
(National Instruments Co., TX, USA). Data acquisition took about 12 min. Each projection data set was then
transformed into 64 bins by linear interpolation. Both the inhomogeneous sensitivity of the receiving coil and
feed through interference were corrected using the method described in [16]. Transverse images were recon-
structed from the projection data using the maximum likelihood-expectation maximization (ML-EM) algorithm
over 15 iterations, in which the initial concentration of MNPs was assumed to be uniform [14] [17].

2.2. System for Magnetic Hyperthermia Treatment

The details of our apparatus for MHT are described in our previous papers [7] [15]. In brief, the coil for gene-
rating the AMF consists of 19-turned loops (6.5 cm in diameter and 10 cm in length) of copper pipe (5 mm in
diameter) cooled by water to ensure constant temperature and impedance. The coil was connected to a high-
frequency power supply (T162-5723BHE, Thamway Co., Ltd., Shizuoka, Japan) and a manual-matching unit
(T020-5723AHE, Thamway Co., Ltd., Shizuoka, Japan). This system can induce an AMF with a maximum peak
amplitude of 3.7 kA/m at an output power of 500 W. The peak amplitude of the AMF generated in the coil can
be controlled by changing the output of the power supply.

2.3. Tumor-Bearing Mice and Magnetic Nanoparticles

Colon-26 cells (a mouse cell line derived from rectal cancer) (RIKEN BioResource Center, Ibaraki, Japan) were
cultured in RPMI-1640 medium (Mediatech Inc., VA, USA) supplemented with 10% fetal calf serum (Biowest,
Nuaillé, France) and 1% penicillin-streptomycin (Nacalai Tesque Inc., Kyoto, Japan). All cultures were incu-
bated in a humidified atmosphere containing 5% CO, at 37°C. The cells were trypsinized with 0.25% trypsin in
ethylenediaminetetraacetic acid (EDTA) (Nacalai Tesque Inc., Kyoto, Japan) and resuspended in phos-
phate-buffered saline (PBS) at 1 x 10° cells/100 pL. The cells (1 x 10° cells) were implanted into the backs of
eight-week-old male BALB/c mice (Charles Liver Laboratories Japan, Inc., Yokohama, Japan) on the same day
and under the same conditions. During the implantation, the mice were anesthetized by intraperitoneal adminis-
tration of pentobarbital sodium (Somnopentyl, Kyoritsu Seiyaku Co., Tokyo, Japan) (10-fold dilution, 0.012
mL/g body weight).

In this study, Resovist® (FUJIFILM RI Pharma Co., Ltd., Tokyo, Japan) was used as the source of MNPs.
Resovist® is an organ-specific contrast agent for magnetic resonance imaging, used especially for the detection
and characterization of small focal liver lesions [7] [15]. It consists of MNPs (maghemite, y-Fe,O3) coated with
carboxydextran.

2.4. Study Protocol

When the tumor volume had grown to approximately 100 mm®, mice were divided into a control group (n = 10)
and three treatment groups (A, B, and C). The mice in the control group were not treated with MHT. The tumors
in the mice in Groups A (n = 9), B (n = 8), and C (n = 10) were directly injected with Resovist® (0.2 mL of stock
solution or stock solution diluted in PBS) with iron concentrations of 500 mM, 400 mM, and 250 mM, respec-
tively, under anesthesia. After injection of Resovist®, each mouse was placed in a plastic holder for undergoing
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Figure 1 illustrates the protocol for data acquisition. As illustrated in Figure 1, MHT was started 20 min af-
ter the injection of Resovist®. MHT was performed by applying an AMF at a frequency of 600 kHz and a peak
amplitude of 3.5 KA/m [16] for 20 min. During MHT, the temperatures of the tumor and rectum were recorded
using two fluorescence-type optical fiber thermometers (AMOTH FL-2000, Anritsu Meter Co., Tokyo, Japan)
and two optical fiber temperature probes. One probe was placed in the tumor and the other probe was inserted 1
cm inside the rectum. Both temperatures were recorded every second until the end of MHT.

The MPI studies were performed four times for each mouse; immediately before MHT (2 min after the injec-
tion of Resovist®), immediately after MHT (42 min after the injection of Resovist®) and 7 days and 14 days after
MHT (Figure 1). After the MPI studies, X-ray CT images were obtained using a 4-row multi-slice CT scanner
(Asteion, Toshiba Medical Systems Co., Tochigi, Japan) with a tube voltage of 120 kV, a tube current of 210
mA, and a slice thickness of 0.5 mm. The MPI image was co-registered to the X-ray CT image using the method
described in [15]. It should be noted that the X-ray CT image after the second MPI study was substituted by that
obtained after the first MPI study.

All animal experiments described above were approved by the animal ethics committee at Osaka University
School of Medicine.

2.5. Data and Statistical Analyses

The dimensions of the tumor were measured with a caliper every day and the tumor volume (V) was calculated
from V = (n/6) x Ly x L, x L,, where Ly, L,, and L, represent the vertical diameter, horizontal diameter, and
height in mm, respectively. The relative tumor volume growth (RTVG) was also calculated from (V-Vg)/V,,
where Vq represents the tumor volume immediately before MHT. In this study, the RTVG value was used as an
indicator of the therapeutic effect of MHT.

We drew a region of interest (ROI) on the tumor in the MPI image and calculated the average, maximum, and
total MPI values by taking the threshold value for extracting the contour of the tumor as 40% of the maximum
MPI value within the ROL. In this study, the MPI value was defined as the pixel value of the transverse MPI
image reconstructed from the third-harmonic signals. We also calculated the number of pixels within the ROI. It
should be noted that the total MPI value is equal to the product of the average MPI value and the number of pix-
els. The above parameters in the control group were taken as zero.

The temperature, RTVG, average MPI value, maximum MPI value, total MPI value, and the number of pix-
els were expressed as the mean + standard error (SE). Differences in these parameters among groups were ana-
lyzed by one-way analysis of variance (ANOVA). Statistical significance was determined by Tukey’s multiple
comparison test. A P value less than 0.05 was considered statistically significant.

3. Results

Figure 2 shows the time courses of the temperature in the tumor and rectum during MHT in Groups A (red cir-
cles), B (blue circles), and C (green circles). The temperature in the rectum was almost constant at approximately
35°C five minutes or more after the start of MHT. The temperature in the tumor before MHT was 31°C to 34°C.
The temperature in the tumor increased after the start of MHT and plateaued at approximately 44°C, 42°C, and
41°C in Groups A, B, and C, respectively. The maximum temperature in the tumor became higher with increasing
iron concentration.

Resovist®
MHT
MPI CT MPI  MPI CT MPI CT
O] (@) @] (©)] (@) @ ®
l l l //l l 77 l l > Tir{le
0 2 15 20 2 /00 13 /7 0 13 (min)
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1 1 |
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Figure 1. Protocol for data acquisition. MPI: magnetic particle imaging, CT:
X-ray computed tomography, and MHT: magnetic hyperthermia treatment.
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Figure 2. Time courses of the temperature in the tumor and
rectum of the mice in Groups A (red circles), B (blue circles),
and C (green circles) during MHT for 20 min. The tumors in
Groups A, B, and C were directly injected with Resovist® with
iron concentrations of 500 mM, 400 mM, and 250 mM, respec-
tively. Data are represented by mean + standard error (SE).

Figure 3 shows the RTVG values as a function of days after MHT in Groups A (red circles), B (blue circles),
and C (green circles), and the control group (black circles). The RTVG value decreased with increasing iron con-
centration. The RTVG value in Group A was significantly lower than that in the control group 3 days or more af-
ter MHT. The RTVG value in Group B was significantly lower than that in the control group 5 days or more after
MHT. The RTVG value in Group C was significantly lower than that in the control group 5 days after MHT.

Figure 4 shows the MPI images in Groups A, B, and C immediately before (upper row), immediately after
(second row), 7 days after (third row), and 14 days after MHT (bottom row). Note that the MPI images were su-
perimposed on the X-ray CT images. As shown in Figure 4, the MPI value decreased and the spatial distribution
of MNPs changed with time.

Figure 5(a) shows the average MPI values immediately before (red bar), immediately after (blue bar), 7 days
after (green bar), and 14 days after MHT (black bar) in Groups A, B, and C. Figures 5(b)-(d) show the cases for
maximum MPI value, total MPI value, and number of pixels, respectively. The asterisks in the graphs indicate
statistical significance (P < 0.05). The average, maximum, and total MPI values decreased greatly between im-
mediately before and immediately after MHT and between immediately after and 7 days after MHT and remained
almost constant thereafter in all groups (Figures 5(a)-(c)). In contrast, the number of pixels tended to increase
with time in Groups A and C (Figure 5(d)). Although the same tendency was also observed in Group B, there
were no combinations with significant difference due to large scattering of the data.

Figure 6 shows the correlations between the average MPI value immediately before MHT and the RTVG val-
ue (left column) and between the average MPI value immediately after MHT and the RTVG value (right column).
The upper, middle, and lower rows show cases when the RTVG values at 5, 7, and 14 days after MHT were used,
respectively. The correlation coefficients between the average MPI value immediately before MHT and the
RTVG value were —0.696, —0.666, and —0.642 at 5, 7, and 14 days after MHT, respectively, whereas those be-
tween the average MPI value immediately after MHT and the RTVG value were —0.658, —0.667, and —0.650 at 5,
7, and 14 days after MHT, respectively.

Figure 7 shows the correlations between the maximum MPI value immediately before MHT and the RTVG
value (left column) and between the maximum MPI value immediately after MHT and the RTVG value (right
column). As in Figure 6, the upper, middle, and lower rows show the cases when the RTVG values at 5, 7, and
14 days after MHT were used, respectively. The maximum MPI value immediately before MHT was significantly
inversely correlated with the RTVG value (r = —0.656, —0.630, and —0.623 at 5, 7, and 14 days after MHT, re-
spectively). The maximum MPI value immediately after MHT was also significantly inversely correlated with the
RTVG value (r = -0.662, —0.671, and —0.651 at 5, 7, and 14 days after MHT, respectively).
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Figure 3. Relative tumor volume growth (RTVG) as a function of
days after MHT in Groups A (red circles), B (blue circles), and C
(green circles) and the control group (black circles). The RTVG was
calculated from (V—V,)/Vg, where Vy and V represent the tumor vo-
lumes immediately before and after MHT, respectively. Note that the
mice in the control group were not treated with MHT. Data are
represented by mean + SE. *P < 0.05 between Group A and the con-
trol group, #P < 0.05 between Group B and the control group, and +
P < 0.05 between Group C and the control group.
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Figure 4. Examples of the MPI images in Groups A, B, and C immediately
before (upper row), immediately after (second row), 7 days (third row),
and 14 days after MHT (bottom row). Note that the MPI images were su-
perimposed on the X-ray CT images. Scale bar = 10 mm.

O,



T. Kuboyabu et al.

8
B Before —= H Before
7 — W After W After
M 7 days 10 * W 7 days
g6 z M 14 days E M 14 days
< <
> 3 d >
& > &
)
=3
5 3 E
< 2 é
1
0
GroupA  GroupB  Group C GroupA  GroupB  Group C
() (b)
2000 800
* M Before M Before M7 days
. M After 700 F . B After 14 days
- M 7 days | -
., 1500 M 14 days & 600
3 o}
E £ 500
— G
E 1000 © 400
= 2
§ g 300
500 # 200
100
0
GroupA  GroupB  Group C GroupA  GroupB  Group C

(© (d
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and the numbers of pixels within the region of interest (ROI) drawn on the tumor in
the MPI image (d) immediately before, immediately after, 7 days, and 14 days after
MHT in Groups A, B, and C. Bar and error bar represent mean and SE, respectively.
*P < 0.05.

Figure 8 shows cases for the total MPI value. The total MPI value immediately before MHT was significantly
inversely correlated with the RTVG value (r = —0.702, —0.669, and —0.640 at 5, 7, and 14 days after MHT, re-
spectively). The total MPI value immediately after MHT was also significantly inversely correlated with the
RTVG value (r =-0.593, —0.608, and —0.553 at 5, 7, and 14 days after MHT, respectively).

Figure 9 shows cases for the number of pixels. The number of pixels immediately before MHT was signifi-
cantly inversely correlated with the RTVG value (r = —0.629, —0.571, and —0.507 at 5, 7, and 14 days after MHT,
respectively). The number of pixels immediately after MHT was also significantly inversely correlated with the
RTVG value (r =-0.581, —0.517, and —0.392 at 5, 7, and 14 days after MHT, respectively).

4. Discussion

We previously demonstrated that the average MPI value has excellent correlations with the iron concentration of
MNPs and the temperature rise of Resovist® solution induced by AMF [15]. We also reported the preliminary
results of in vivo studies on the application of MPI to MHT [15]. In this study, we evaluated the feasibility of
visualizing and quantifying the intratumoral distribution and temporal change of MNPs in vivo using MPI and
investigated the usefulness of MPI for predicting the therapeutic effect of MHT.

In this study, we investigated the therapeutic effect of MHT using tumor-bearing mice injected intratumorally
with Resovist® with iron concentrations of 500 mM, 400 mM, and 250 mM. According to Yonezawa et al. [20],
cancer cells undergo apoptosis when exposed to heat shock at 42°C to 43°C, whereas hyperthermia at tempera-
tures above 44°C causes necrosis. Mild hyperthermia at approximately 40°C, however, decreases the induction
of cytotoxicity and endoplasmic reticulum (ER) stress and rather protects cells against ER stress-induced
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apoptosis [21]. As shown in Figure 2, the temperature in the rectum was almost constant at approximately 35°C
5 min or more after the start of MHT, whereas the temperature in the tumor rose to approximately 41 to 44°C
during MHT depending on the iron concentration of Resovist®. These results suggest that the tumor was selec-
tively heated by AMF. As shown in Figure 3, significant differences were observed in the RTVG value between
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cases when the RTVG values 5, 7, and 14 days after MHT were used, respectively.
Note that the average MPI values in the control group were taken as zero. The red,
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Figure 7. Correlation between the maximum MPI and RTVG values. The left and
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tively. Note that the maximum MPI values in the control group were taken as zero.
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control group, respectively.

Group A and the control group and between Group B and the control group. Although there was a tendency for
the RTVG value in Group C to be lower than that in the control group, it did not reach statistical significance
except at 5 days after MHT (Figure 3). Thus, it appears that the temperature of the tumor in Group C did not
exceed 42°C to 43°C, i.e., the threshold temperature for inducing cell death (Figure 2). These results suggest
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that the therapeutic effect of MHT depends on the temperature of the tumor and therefore on the iron concentra-
tion of MNPs accumulated in the tumor. To enhance the therapeutic effect of MHT, it will be necessary to de-
liver and accumulate sufficient MNPs to tumors and/or to optimize the parameters of AMF such that the tumors
are heated above 42°C to 43°C. As previously described, the frequency and peak amplitude of AMF and the
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Figure 8. Correlation between the total MPI and RTVG values. The left and right
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that the total MPI values in the control group were taken as zero. The red, blue, green,
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Figure 9. Correlation between the number of pixels within the ROI drawn on the tu-
mor and the RTVG value. The left and right columns show cases when the numbers of
pixels immediately before and immediately after MHT were used, respectively. The
upper, middle, and lower rows show cases when the RTVG values 5, 7, and 14 days
after MHT were used, respectively. Note that the number of pixels in the control
group was taken as zero. The red, blue, green, and black circles represent data in
Groups A, B, and C and the control group, respectively.

duration of MHT were set at 600 kHz, 3.5 kA/m, and 20 min, respectively, in this study. It might be possible to
improve the therapeutic effect in Group C by changing these parameters [22]. The frequency (f) and peak am-
plitude (H) of AMF, however, should be chosen under a criterion of f-H < 5 x 10° Am *s* to prevent unwanted
damage to the surrounding healthy tissue via eddy currents [23].



T. Kuboyabu et al.

Since there is a significant correlation between the average MPI value and the temperature rise generated by
MNPs, as we previously reported [15], the temperature in regions with a higher MPI value is considered to be-
come higher than that in regions with a lower MPI value during MHT. If we could determine the MPI value at
which the temperature of the tumor rises to 42°C to 43°C, it would be possible to use this MPI value as an indi-
cator for estimating the effectiveness of MHT. In this study, we directly injected MNPs into the tumor as pre-
viously described. It is known that the spatial distribution and amount of the MNPs accumulated in the tumor
largely depend on the injection speed and/or actual injected dose of MNPs [24]. Thus, it would be necessary to
quantify the amount of MNPs in the tumor accurately after the injection of MNPs in order to estimate the tem-
perature rise in the tumor and thus to predict the therapeutic effect of MHT. Since there is an excellent linear
correlation between the average MPI value and the iron concentration of Resovist® as we previously demon-
strated by phantom studies [15], MPI will be useful for accurately quantifying the amount of MNPs in the tumor
after MNP injection.

In this study, we investigated the temporal change of MNPs accumulated in the tumor by calculating the av-
erage, maximum, and total MPI values and the number of pixels within the ROI drawn on the tumor in the MPI
image immediately before, immediately after, 7 days, and 14 days after MHT (Figure 5). It appears that the
change in the average MPI value corresponds to that in the average amount of MNPs per voxel, i.e., the average
concentration of MNPs, and the change in the total MPI value corresponds to that in the total amount of MNPs
in the selected slice of the tumor, whereas the change in the number of pixels corresponds to that in the distri-
buted area of MNPs. As shown in Figure 5, the average, maximum, and total MPI values decreased greatly be-
tween immediately before and immediately after MHT and between immediately after and 7 days after MHT,
and did not largely change thereafter. In contrast, the number of pixels tended to increase with time. These find-
ings suggest that the intratumorally injected MNPs were distributed locally near the injected site immediately
after the injection of MNPs and dispersed within the tumor during MHT, and that the MNPs remained in the
tumor thereafter. Once MNPs are injected, MPI can be performed repeatedly until the MNPs disappear. This
knowledge of the temporal change of the concentration and spatial distribution of MNPs in the tumor obtained
by the repeated MPI studies will be useful for the treatment planning of MHT. Especially, the fact that MNPs
remain in the tumor even 7 and 14 days after MHT will be useful when considering the repeated application of
MHT to enhance its therapeutic efficacy [25].

Kettering et al. [25] investigated the bio-distribution of intratumorally injected MNPs in mice focused on MNP
long term monitoring of pre and post therapy over 7 days using multi-channel magnetorelaxometry (MRX).
Furthermore, they investigated the bio-distribution of MNPs in internal organs and tumors of sacrificed animals
using single-channel MRX, and reported that there was no distinct change of total MNP amounts during long
term monitoring and most of the MNPs remained in the tumors; only a few MNPs were detected in the liver and
spleen and less than 1% of the injected MNPs were excreted. Their findings, however, are limited to the whole-
body or whole-organ amount of MNPs, because the local concentration and spatial distribution of MNPs in the
tumor cannot be measured in vivo using multi-channel or single-channel MRX [25]. The temperature rise gener-
ated by MNPs in steady state is proportional to the concentration of MNPs [23]. When we design an optimal
MHT treatment plan to prevent insufficient heating of the targeted region and overheating of the healthy tissue,
accurate knowledge of the local concentration of MNPs accumulated in the targeted region appears to be more
important than knowledge of the total amount of MNPs when the spatial distribution of MNPs is inhomogene-
ous.

As previously described, we started MHT 20 min after the injection of MNPs, whereas Kettering et al. [25]
did so 24 hours after the injection. Giustini et al. [26] reported that the intracellular uptake and aggregation of
MNPs varied depending on the duration after the injection of MNPs, which may exert an influence on the heat
deposition in the tumor and tumor cytotoxicity when exposed to AMF. Thus, the start time of MHT might affect
the spatial distribution and temporal change of MNPs in the tumor and the resulting therapeutic effect of MHT.
Further studies on these aspects are currently in progress.

As shown in Figures 6-9, the average, maximum, and total MPI values and the number of pixels immediately
before and immediately after MHT were significantly inversely correlated with the RTVG values 5, 7, and 14
days after MHT, suggesting that these parameters are useful for predicting the RTVG 5 to 14 days after MHT.
However, there was a tendency for the correlation coefficients between the parameters immediately before MHT
and the RTVG values to be higher than those when using the parameters immediately after MHT, except for

()
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cases of the maximum MPI value, suggesting that the parameters immediately before MHT may be more effec-
tive for predicting the therapeutic effect of MHT than those immediately after MHT. Furthermore, the correla-
tion coefficients between the number of pixels immediately before or after MHT and the RTVG value tended to
be lower than those when using the average, maximum, and total MPI values, suggesting that the number of
pixels immediately before or after MHT is less effective for predicting the therapeutic effect of MHT than other
parameters.

When we analyzed the statistical difference in the number of pixels among groups (Figure 5(d)), the number
of combinations that reached statistical significance was lower than those in other parameters such as the aver-
age and maximum MPI values (Figure 5(a) and Figure 5(b)). This was also the case when we analyzed the sta-
tistical significance in the correlation between the number of pixels and the RTVG value (Figure 9) as described
above. These results appear to be mainly due to the fact that the scatter of the data of this parameter is larger
than those of other parameters. As previously described, when we drew an ROI on the tumor in the MPI image,
we took the threshold value for extracting the contour of the tumor as 40% of the maximum MPI value within
the ROI. The threshold value adopted in this study was determined visually from inspection of the MPI images
with various threshold values, which were superimposed on the X-ray CT images. Although this threshold value
appears to be appropriate in our experience, the number of pixels might be more susceptible to the selection of
the threshold value or the method for determining an ROI than other parameters. Thus, further studies on the op-
timization of the threshold value or the method for determining an ROl may be necessary.

A limitation of this study is that the MPI value was obtained from a single slice of the MPI image with the
maximum signal intensity. Analysis with use of a single slice of the MPI image limits the accurate evaluation of
the spatial distribution of MNPs in the whole tumor. For more detailed analysis, it will be necessary to acquire
three-dimensional (multi-slice) data and to evaluate the three-dimensional distribution and accumulation of
MNPs from these data. If this can be realized in the future, we expect that our MPI system can be used for more
precise diagnosis and prediction of the therapeutic effect of MHT and can be applied to theranostics, in which
diagnosis and therapy are integrated in a single platform. These studies are also currently in progress.

Other methods for imaging MNPs are magnetic resonance imaging (MRI) and micro-CT imaging. When we
attempted to image MNPs using MRI with a conventional transverse relaxation time (T )-weighted imaging
sequence, it was almost impossible due to large susceptibility-induced MR signal loss and image distortions in
the regions near the MNPs especially for the higher concentrations of MNPs as is the case in MHT. Recently,
Dahring et al. [27] proposed the use of micro-CT for determining the MNP distributions within tumors and re-
ported that the information about the MNP distribution obtained by micro-CT permitted individualized MHT
and improved the overall therapeutic efficacy. Although the use of micro-CT also appears to be promising and
useful for establishing effective MHT, further studies especially on the accuracy and reproducibility in quanti-
fying the amount of MNPs might be necessary for establishing the usefulness of the method.

5. Conclusion

We could visualize intratumorally injected MNPs in mice using our MPI system and could quantitatively eva-
luate the temporal change of the spatial distribution of MNPs in tumors. We found that the intratumorally in-
jected MNPs dispersed within the tumor during MHT and then remained in the tumor even 7 and 14 days after
MHT. In addition, we found that the MPI values immediately before or immediately after MHT were signifi-
cantly inversely correlated with the RTVG values. These results suggest that MPI allows us to quantitatively
evaluate the temporal change of the spatial distribution of MNPs in vivo in a visible manner and will be useful
for predicting the therapeutic effect of MHT and for MHT treatment planning.
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