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Abstract 
The purpose of this study was to evaluate the effectiveness of intracellular 
magnetic hyperthermia treatment (MHT) in comparison with that of extra-
cellular MHT using magnetic particle imaging (MPI). Colon-26 cells were im-
planted subcutaneously into the backs of 8-week-old male BALB/c mice. 
When the tumor volume reached approximately 100 mm3, the mice were di-
vided into control (n = 10), extracellular MHT (n = 8), and intracellular MHT 
groups (n = 7). In the control group, MHT was not performed. In the extra-
cellular MHT and intracellular MHT groups, the tumors were injected direct-
ly with magnetic nanoparticles (MNPs) (400 mM Resovist®) and were heated 
for 20 min using an alternating magnetic field. During MHT, the tempera-
tures of the tumor and rectum were measured using optical fiber thermome-
ters. In the extracellular MHT group, MHT was performed 15 min after the 
injection of MNPs, whereas MHT was performed one day after the injection 
of MNPs in the intracellular MHT group. In both groups, MPI images were 
obtained using our MPI scanner immediately before, immediately after, and 7 
and 14 days after MHT. After the MPI studies, 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 within the ROI. Transmission 
electron microscopic (TEM) images were also obtained from resected tumors. 
In all groups, tumor volume was measured every day and the relative tumor 
volume growth (RTVG) was calculated. The TEM images showed that almost 
all the MNPs were aggregated in the extracellular space in the extracellular 
MHT group, whereas they were contained within the intracellular space in the 
intracellular MHT group. Although the temperature of the tumor in the 
intracellular MHT group was significantly lower than that in the extracellular 
MHT group, the RTVG value in the intracellular MHT group was significant-
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ly lower than that in the control group 2 days or more after MHT and that in 
the extracellular MHT group 3, 4, and 5 days after MHT. The average MPI 
value normalized by that immediately before MHT in the intracellular MHT 
group was significantly higher than that in the extracellular MHT group im-
mediately and 7 days after MHT. The maximum and total MPI values norma-
lized by those immediately before MHT in the intracellular MHT group were 
significantly higher than those in the extracellular MHT group 7 days after 
MHT, suggesting that the temporal change of MNPs within the tumor in the 
intracellular MHT group was smaller than that in the extracellular MHT 
group. Our results suggest that intracellular MHT is more cytotoxic than 
extracellular MHT in spite of a lower temperature rise of tumors, and that 
MPI is useful for evaluating the difference in the temporal change of MNPs in 
the tumor between extracellular MHT and intracellular MHT. 
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1. Introduction 

Magnetic hyperthermia treatment (MHT) is one of several hyperthermia treat-
ments and utilizes the temperature rise of magnetic nanoparticles (MNPs) under 
an alternating magnetic field (AMF) [1]. MHT can selectively heat tumor cells 
without damaging normal tissues [2], unlike conventional hyperthermia treat-
ments such as radiofrequency (RF)-capacitive heating [3]. 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 [4] [5]. Furthermore, the retention of 
MNPs in tumors is also an important factor in enhancing the therapeutic effect 
of MHT [4] [5]. When considering repeated applications of MHT, it is desirable 
for MNPs to be retained in the tumor for as long as possible [4] [5]. 

Recently, it has been reported that cell death by MNPs under AMF can occur 
without a noticeable global increase in temperature [6] [7] [8] [9]. These results 
raised some debate in the literature, because it has been usually thought that it is 
necessary to achieve a homogeneous increase in temperature within the tumor 
for effective hyperthermia [10]. As a possible explanation for the above results, it 
has been hypothesized that even an increase in temperature localized in the vi-
cinity of the MNPs could be enough to induce cell death without a significant 
global increase in temperature [6] [7] [8] [9]. 

Magnetic particle imaging (MPI) is an imaging method that uses the nonli-
near response of MNPs to an AMF [11]. MPI is capable of imaging the spatial 
distribution of MNPs in positive contrast without any background and with high 
sensitivity and spatial resolution [11]. We recently have developed an MPI 
scanner based on the field-free-line encoding scheme [12] [13] and succeeded in 
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imaging the intratumoral distribution of MNPs and quantifying its temporal 
change in vivo [14] [15]. We also showed that MPI is useful for predicting the 
therapeutic effect of MHT [14] [15]. 

This study was undertaken to compare the therapeutic effect of extracellular 
MHT and that of intracellular MHT in vivo using tumor-bearing mice and to 
discuss the difference between them based on the temporal change of MNPs in 
the tumor measured using MPI. 

2. Materials and Methods 
2.1. Animal Study Protocol 

All animal studies were approved by the animal ethics committee at Osaka Uni-
versity School of Medicine. Seven-week-old male BALB/c mice weighing 24.3 ± 
1.4 g (mean ± standard deviation (SD)) were purchased from Charles River La-
boratories Japan, Inc. (Yokohama, Japan). After one-week habituation to the 
rearing environment, 1 × 106 cells of colon-26 (Riken Bio Resource Center, Iba-
ragi, Japan) were implanted into the backs of the mice [14] [15]. 

When the tumor volume reached approximately 100 mm3, the mice were di-
vided into control (n = 10), extracellular MHT (n = 8), and intracellular MHT 
groups (n = 7). In this study, we call the MHT performed immediately (15 min) 
and one day after the injection of MNPs “extracellular MHT” and “intracellular 
MHT”, respectively. 

In the control group, MHT was not performed. The tumors in the extracellu-
lar MHT and intracellular MHT groups were directly injected with MNPs (Re-
sovist®, FUJIFILM RI Pharma Co., Ltd., Tokyo, Japan) (0.2 mL of stock solution 
(500 mM) diluted in phosphate-buffered saline) with an iron concentration of 
400 mM. Because the molar mass of iron (Fe) is 55.8 g/mol, the iron concentra-
tion of 400 mM corresponds to 22.3 mg Fe/mL, and the total dose of MNPs ad-
ministered was 4.46 mg Fe. The mean and SD of the particle size of Resovist® are 
reported to be 15.2 nm and 3.21 nm, respectively [16]. The zeta potential is –15 
mV [17]. 

Figure 1(a) and Figure 1(b) illustrate the protocols for data acquisition in the 
extracellular MHT and intracellular MHT groups, respectively. In the extracel-
lular MHT group (Figure 1(a)), MHT was started 15 min after the injection of 
MNPs and was performed by applying an AMF at a frequency of 600 kHz and a 
peak amplitude of 3.1 kA/m [4] [5] for 20 min. During MHT, the temperatures 
of the tumor and rectum were measured in 3 mice using two fluorescence-type 
optical fiber thermometers (AMOTH FL-2000, Anritsu Meter Co., Tokyo, Ja-
pan) and two optical fiber temperature probes. One probe was inserted into the 
center of 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 tem-
perature rise of the tumor was calculated from the temperature of the tumor 
minus that of the rectum. The MPI studies were performed using our MPI 
scanner [12] [13] 13 min before MHT (2 min after the injection of MNPs), 22  

https://doi.org/10.4236/ojapps.2017.712047


S. Kobayashi et al. 
 

 

DOI: 10.4236/ojapps.2017.712047 650 Open Journal of Applied Sciences 
 

 
Figure 1. Protocol for data acquisition in the present study. (a) For extracellular magnetic 
hyperthermia treatment (MHT) and (b) for intracellular MHT. MNPs: magnetic nano-
particles, MPI: magnetic particle imaging, and CT: X-ray computed tomography. We 
used Resovist® as the source of MNPs and injected it directly into the tumor. 
 
min after MHT (37 min after the injection of MNPs), and 7 and 14 days after 
MHT. After the second MPI study (35 min after MHT), X-ray CT images were 
obtained using a 4-row multi-slice CT scanner (Asteion, Toshiba Medical Sys-
tems 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 X-ray CT images were also acquired 7 
and 14 days after MHT. The X-ray CT image after the second MPI study was 
substituted by that obtained after the first MPI study. The MPI images were co- 
registered to the X-ray CT images for anatomical identification using the me-
thod reported in [14] [15]. 

In the intracellular MHT group (Figure 1(b)), MHT was performed one day 
after the injection of MNPs in the same manner as for the extracellular MHT 
group. The temperatures of the tumor and rectum were also measured during 
MHT in 4 mice and the temperature rise of the tumor was calculated in the same 
manner as for the extracellular MHT group. The MPI studies were performed 2 
min after the injection of MNPs, 13 min before MHT, 22 min after MHT, and 7 
and 14 days after MHT. As in the extracellular MHT group, the X-ray CT images 
were acquired 35 min, 7 days, and 14 days after MHT. 

2.2. Transmission Electron Microscopic Study 

Separately from the above studies, mice were purchased for transmission elec-
tron microscopic (TEM) studies and were implanted with colon-26 cells in the 
same manner as described above. When the tumor volume reached approx-
imately 100 mm3, the mice were divided into extracellular MHT (n = 3) and 
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intracellular MHT groups (n = 4). The mice were sacrificed and the tumors were 
removed immediately (15 min) and one day after the injection of MNPs in the 
extracellular MHT (n = 3) and intracellular MHT groups (n = 4), respectively. 

The resected tumor tissues were fixed in 7.5% formaldehyde neutral buffered 
solution (Sigma-Aldrich Japan Co., Ltd., Tokyo, Japan) and TEM observation 
was performed under an electron microscope (H-7650, Hitachi Ltd., Tokyo, Ja-
pan). The resolution of the electron microscope is 0.2 nm for lattice image. 

2.3. Data and Statistical Analyses 

The vertical diameter (Lx), horizontal diameter (Ly), and height (Lz) of the tumor 
were measured with a caliper every day and the tumor volume (V) was calcu-
lated from V = (π/6) × Lx × Ly× Lz. The relative tumor volume growth (RTVG) 
was also calculated from (V − V0)/V0. In the control group, V0 was taken as the 
tumor volume immediately after it reached approximately 100 mm3. In the 
extracellular MHT and intracellular MHT groups, V0 was taken as the tumor 
volume immediately before MHT. 

After the MPI studies, we drew a region of interest (ROI) on the tumor in the 
MPI image (Figure 2) and calculated the average and maximum MPI values in 
the same manner as that in our previous papers [14] [15]. We also calculated the 
number of pixels within the ROI and then calculated the total MPI value from 
the product of the average MPI value and the number of pixels. 

The temperature, temperature rise, RTVG, average MPI value, maximum MPI 
value, total MPI value, and the number of pixels within the ROI were expressed 
as the mean ± standard error (SE). Differences in the RTVG value among groups 
were analyzed by one-way analysis of variance (ANOVA). Statistical significance 
was determined by Tukey-Kramer’s multiple comparison test. Differences in the 
temperature and temperature rise of the tumor between the extracellular MHT 
and intracellular MHT groups were analyzed by Student’s t-test. Differences in 
the average, maximum, and total MPI values and the number of pixels between 
the extracellular MHT and intracellular MHT groups were also analyzed by 
 

 
Figure 2. Example of an MPI image superimposed on an X- 
ray CT image and the region of interest (ROI) drawn on the 
MPI image (black solid line). Scale bar = 10 mm. 
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Student’s t-test. A p value less than 0.05 was considered statistically significant. 

3. Results 

Figure 3 shows typical TEM images in the extracellular MHT (a) and intracellu-
lar MHT groups (b). In the extracellular MHT group, almost all the MNPs were 
aggregated in the extracellular space (arrows in Figure 3(a)), whereas they were 
contained within the intracellular space (arrows in Figure 3(b)) in the intracel-
lular MHT group. 

Figure 4(a) shows the time courses of the temperature of the tumor in the  
 

 
(a)                                       (b) 

Figure 3. Transmission electron microscopic (TEM) images in the extracellu-
lar MHT (a) and intracellular MHT groups (b); arrows show MNPs. Scale  
bar = 5 μm. 

 

   
(a)                                       (b) 

Figure 4. (a) Temperature of the tumor in the extracellular MHT (red circles, n = 3) and 
intracellular MHT groups (blue circles, n = 4) and that of the rectum in both groups (black 
circles, n = 7). Data are presented as the mean ± standard error (SE). The temperature of 
the tumor in the extracellular MHT group is significantly higher than that in the intracel-
lular MHT group 1 min or more after the start of MHT; (b) Temperature rise (temperature 
of the tumor minus that of the rectum) in the extracellular MHT (red circles, n = 3) and 
intracellular MHT groups (blue circles, n = 4). Data are presented as the mean ± SE. The 
temperature rise of the tumor in the extracellular MHT group is significantly higher than 
that in the intracellular MHT group 30 s or more after the start of MHT. 
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extracellular MHT (red circles, n = 3) and intracellular MHT groups (blue cir-
cles, n = 4) and that of the rectum in both groups (black circles, n = 7), whereas 
Figure 4(b) shows the time courses of the temperature rise of the tumor, i.e., the 
temperature of the tumor minus that of the rectum, in the extracellular MHT 
(red circles, n = 3) and intracellular MHT groups (blue circles, n = 4). The tem-
perature of the tumor in the extracellular MHT group was significantly higher 
than that in the intracellular MHT group 1 min or more after the start of MHT 
(Figure 4(a)). Although the error range was large due to a small number of data, 
the temperature rise in the extracellular MHT group was significantly higher 
than that in the intracellular MHT group 30 s or more after the start of MHT 
(Figure 4(b)). 

Figure 5 shows the average MPI value (a), maximum MPI value (b), total MPI 
value (c), and the number of pixels within the ROI (d) 2 min (MPI ⓪ in Figure 
1(b)) and one day after the injection of MNPs (MPI ① in Figure 1(b)). As 
shown in Figure 5, the average, maximum, and total MPI values significantly 
decreased by one day after the injection of MNPs, whereas the number of pixels 
within the ROI significantly increased. 

 

  
(a)                                       (b) 

  
(c)                                       (d) 

Figure 5. Average MPI value (a); maximum MPI value (b); total MPI value (c); and the 
number of pixels within the ROI (d) at 2 min (MPI ⓪ in Figure 1(b)) and one day after 
the injection of MNPs (M PI ① in Figure 1(b)). The total MPI value is equal to the prod-
uct of the average MPI value and the number of pixels. Bar and error bar represent the 
mean and SE, respectively. *: p < 0.05. 
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Figure 6 shows the temporal changes of the average MPI value (a), maximum 
MPI value (b), total MPI value (c), and the number of pixels within the ROI (d) 
in the extracellular MHT (red bars, n = 8) and intracellular MHT groups (blue 
bars, n = 7). It should be noted that the values immediately before MHT (MPI 
① in Figure 1) were normalized as unity. The normalized average MPI value in 
the intracellular MHT group was significantly higher than that in the extracellu-
lar MHT group immediately and 7 days after MHT (Figure 6(a)). Although 
there was a tendency for the normalized average MPI value in the intracellular 
MHT group to be higher than that in the extracellular MHT group 14 days after 
MHT, it did not reach statistical significance (p = 0.079). The normalized max-
imum MPI value in the intracellular MHT group was significantly higher than 
that in the extracellular MHT group 7 days after MHT (Figure 6(b)). Although 
the normalized maximum MPI value in the intracellular MHT group tended to 
be higher than that in the extracellular MHT group 14 days after MHT, it did 
not reach statistical significance (p = 0.080). The normalized total MPI value in 
 

 
(a)                                       (b) 

 
(c)                                       (d) 

Figure 6. Normalized average MPI value (a); normalized maximum MPI value (b); nor-
malized total MPI value (c); and normalized number of pixels within the ROI (d) imme-
diately (13 min, MPI ① in Figure 1) before, immediately (22 min, M PI ② in Figure 1) 
after, 7 days (M PI ③ in Figure 1), and 14 days (M PI ④ in Figure 1) after MHT in the 
extracellular MHT (red bars, n = 8) and intracellular MHT groups (blue bars, n = 7). The 
values immediately before MHT were normalized as unity. Bar and error bar represent 
the mean and SE, respectively. *: p < 0.05. #: p = 0.079. $: p = 0.080. 
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the intracellular MHT group was significantly higher than that in the extracellu-
lar MHT group 7 days after MHT (Figure 6(c)). In contrast, the normalized 
number of pixels within the ROI in the intracellular MHT group tended to be 
lower than that in the extracellular MHT group (Figure 6(d)). This tendency, 
however, did not reach statistical significance. 

Figure 7 shows the time courses of the RTVG value in the extracellular MHT 
(red circles, n = 8), intracellular MHT (blue circles, n = 7), and control groups 
(black circles, n = 10). The RTVG value in the extracellular MHT group was sig-
nificantly lower than that in the control group 3 days or more after MHT. The 
RTVG value in the intracellular MHT group was significantly lower than that in 
the control group 2 days or more after MHT and it was significantly lower than 
that in the extracellular MHT group 3, 4, and 5 days after MHT. 

4. Discussion 

Our TEM studies demonstrated that almost all the MNPs were aggregated in the 
extracellular space immediately (15 min) after the intratumoral injection of 
MNPs, whereas they were contained within the intracellular space one day after 
the injection of MNPs (Figure 3). This is the reason why we referred to the 
MHT performed immediately (15 min) and one day after the injection of MNPs 
as “extracellular MHT” and “intracellular MHT”, respectively. Giustini et al. [18] 
used TEM to evaluate the time-dependent cellular uptake of intratumorally in-
jected dextran-coated MNPs with a mean hydrodynamic diameter of 100 to 130 
nm and pointed out that intracellular uptake of the MNPs was 5.0%, 48.8%, and 
91.8% uptake at 1, 2, and 4 h post injection of MNPs. The MNPs were contained 
 

 
Figure 7. Relative tumor volume growth (RTVG) values in the extracellular MHT (red 
circles, n = 8), intracellular MHT (blue circles, n = 7), and control groups (black circles, n 
= 10). *: p < 0.05 between the control and extracellular MHT groups, between the control 
and intracellular MHT groups, and between the extracellular and intracellular MHT 
groups. #: p < 0.05 between the control and extracellular MHT groups and between the 
control and intracellular MHT groups. $: p < 0.05 between the control and intracellular 
MHT groups. 
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within intracellular intracytoplasmic vesicles at one day after the injection of 
MNPs into the tumors [18]. Thus, our results (Figure 3) are consistent with the 
findings reported by Giustini et al. [18]. 

We compared the therapeutic effects of the extracellular MHT and intracellu-
lar MHT using the RTVG value (Figure 7). Although the temperature of the 
tumor in the intracellular MHT group was significantly lower than that in the 
extracellular MHT group (Figure 4), the RTVG value in the intracellular MHT 
group was significantly lower than that in the extracellular MHT group 3, 4, and 
5 days after MHT (Figure 7), suggesting that intracellular MHT is more cyto-
toxic than extracellular MHT in spite of the significantly lower temperature of 
the tumor. It has been reported several times that hyperthermia-induced cell 
death can occur under a negligible temperature rise in vitro [6] [9]. To our 
knowledge, this study is the first report to show the superiority of intracellular 
MHT over extracellular MHT in vivo and that hyperthermia-induced cell death 
can also occur without a significant global increase in temperature in vivo. 

To investigate the temporal change of intratumorally injected MNPs during 
one day, we calculated the average, maximum, and total MPI values and the 
number of pixels within the ROI (Figure 2) and compared these values at 2 min 
and one day after the injection of MNPs (Figure 5). As shown in Figure 5, the 
average, maximum, and total MPI values significantly decreased by almost half 
by one day after the injection of MNPs, whereas the number of pixels within the 
ROI significantly increased. As we previously reported, there was an excellent 
linear correlation between the average MPI value and the iron concentration of 
Resovist® in phantom studies [14]. From this finding, the change in the average 
MPI value appears to correspond 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 appears to correspond to that in the total amount of MNPs in the selected 
slice of the tumor, whereas the change in the number of pixels appears to cor-
respond to that in the distributed area of MNPs. Thus, the results shown in Fig-
ure 5 appear to be mainly due to the fact that the MNPs injected into the tumor 
dispersed within the tumor during one day by diffusion and/or perfusion. This 
also appears to be the main reason why the temperature of the tumor in the 
intracellular MHT group was significantly lower than that in the extracellular 
MHT group (Figure 4). 

Furthermore, we investigated the temporal change of the MNPs injected into 
the tumor by calculating the average, maximum, and total MPI values and the 
number of pixels within the ROI immediately before, immediately after, and 7 
and 14 days after MHT and normalizing those immediately before MHT as unity 
(Figure 6). As shown in Figure 6(a), the normalized average MPI value in the 
intracellular MHT group was significantly higher than that in the extracellular 
MHT group immediately and 7 days after MHT. The normalized maximum and 
total MPI values in the intracellular MHT group were significantly higher than 
those in the extracellular MHT group 7 days after MHT (Figure 6(b) and Figure 
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6(c)). In addition, the temporal changes of the above parameters in the intracel-
lular MHT group were smaller than those in the extracellular MHT group 
(Figure 6). As suggested by our TEM studies (Figure 3), this appears to be 
mainly due to the fact that once MNPs were internalized by tumor cells, their 
dispersion within the tumor and/or to the outside of the tumor is more likely to 
be reduced than that of the MNPs located outside the cells. This feature of the 
intracellular MHT would be useful especially when considering repeated appli-
cations of MHT. 

As previously described, our results (Figure 4 and Figure 7) demonstrated 
that hyperthermia-induced cell death can occur without a significant global in-
crease in temperature in vivo. Several hypotheses have been proposed to explain 
the cytotoxicity in the intracellular MHT. One of the leading hypotheses is based 
on recent experiments showing that the temperature rise is localized in the very 
close vicinity of the MNP surface. Riedinger et al. [19] experimentally demon-
strated using a molecular temperature probe that the local temperature induced 
by AMF increased by several tens of degree at distances below 0.5 nm from the 
MNP surface and decayed exponentially with increasing distance. Furthermore, 
significant local-to-global temperature differences could be found at distances 
shorter than 3 nm [19]. This local heating could damage the surfaces of lyso-
somes where MNPs are stored and/or catalyze a chemical reaction in lysosomes 
such as the Fenton reaction [20]. Our results suggest that the local temperature 
rise in cancer cells is more important rather than the global temperature rise for 
predicting the therapeutic effect of MHT and/or designing optimal treatment 
planning using MHT. In this respect, the present study offers important infor-
mation regarding monitoring the temperature of the tumor during MHT. 

We previously described that the average MPI value decreased by almost half 
during one day after the injection of MNPs (Figure 5). This may suggest that 
almost half of the MNPs dispersed within the tumor before being internalized by 
the cells. Thus, it would be necessary to develop a method for facilitating the 
rapid internalization of as many MNPs as possible into cancer cells in order to 
enhance the effectiveness of intracellular MHT. Thu et al. [21] reported a new 
straightforward magnetic cell-labeling approach that combines ferumoxytol, 
heparin, and protamine. Heparin and protamine form nanocomplexes through 
electrostatic interactions [21]. Combining heparin, protamine, and ferumoxytol 
results in the formation of a self-assembling nanocomplex that allows the rapid 
internalization of MNPs into cells [21]. Thus, this method appears to be a prom-
ising approach for enhancing the effectiveness of intracellular MHT. We are 
currently planning to use these approaches. 

A limitation of this study is that the analysis of the temporal change of MNPs 
in the tumor was based on data obtained from a single slice of the MPI image. 
This use of a single slice of the MPI image limits the accurate evaluation of the 
concentration and spatial distribution of MNPs in the whole tumor. To over-
come such a limitation, it will be necessary to acquire three-dimensional data 
and to evaluate the three-dimensional distribution and accumulation of MNPs 
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from these data. In addition, we directly injected Resovist® into the tumor in this 
study, however, a method for active tumor-specific targeting by MNPs injected 
intravenously should be established for clinical application. We are also current-
ly planning these studies. 

Another limitation of this study is that the cytotoxicity of Resovist® against 
colon-26 cells has not been investigated using cytotoxicity assays such as the te-
trazolium (MTT) assay [22]. Yeh et al. investigated the viability and cytotoxicity 
in macrophages treated with 200 μg Fe/mL of Resovist® using the MTT assay and 
reported that they were not significantly affected [23]. However, macrophages 
loaded with Resovist® above 100 μg Fe/mL showed a significant increase in cyto-
kine secretion and mRNA expression [23]. Thus, it would be necessary to per-
form further in-vitro studies on the cytotoxicity of Resovist® against colon-26 
cells in order to elucidate the reason for the present results (Figure 7). These 
studies are currently in progress. 

5. Conclusion 

Our results suggest that intracellular MHT is more cytotoxic than extracellular 
MHT inspite of the lower temperature rise of tumors, and that MPI is useful for 
evaluating the difference in temporal change of MNPs in the tumor between 
extracellular MHT and intracellular MHT. 
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