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in mice during magnetic nanoparticle hyperthermia
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Abstract

Among a variety of hyperthermia methods, magnetic nanoparticle hyperthermia is a highly promising approach for its
confined heating within the tumour. In this study we perform # vivo animal experiments on implanted prostatic tumours
in mice to measure temperature distribution in the tumour during magnetic nanoparticle hyperthermia. Temperature
elevations are induced by a commercially available ferrofluid injected via a single injection to the centre of the tumour, when
the tumour is subject to an alternating magnetic field. Temperature mapping in the tumours during magnetic nanoparticle
hyperthermia has demonstrated the feasibility of elevating tumour temperatures higher than 50°C using only 0.1cm’
ferrofluid injected in the tumour under a relatively low magnetic field (3 kA/m). Detailed 3-D nanoparticle concentration
distribution is quantified using a high-resolution microCT imaging system. The calculated nanoparticle distribution volume
based on the microCT scans is useful to analyse nanoparticle deposition in the tumours. Slower ferrofluid infusion rates
result in smaller nanoparticle distribution volumes in the tumours. Nanoparticles are more confined in the vicinity of the
injection site with slower infusion rates, causing higher temperature elevations in the tumours. The increase in the
nanoparticle distribution volume in the tumour group after the heating from that in the tumour group without heating
suggests possible nanoparticle re-distribution in the tumours during the heating.

Keywords: nfusion rate, magnetic nanoparticle hyperthermia, microCT, nanoparticle distribution, temperature, tumour

Introduction hyperthermia methods, magnetic nanoparticle hyper-

Chemo (drug/chemical) therapy, radiation, surgical
ablation and hyperthermia methods are options
generally available in cancer treatment. It is well
known that chemotherapy has numerous side effects
associated with the procedures. Radiation and surgi-
cal ablation can increase the survival rate in cancer
patients but may not be efficient to completely
eradicate irregularly shaped tumours [1, 2]. In the
past three decades, hyperthermia has been investi-
gated as an alternative to the traditional cancer
treatments. It is preferable for patients diagnosed
with unresectable or complicated tumours, or for
patients who are looking for an alternative to costly
and risky surgical procedures. Among a variety of

thermia is a promising approach for its confined
heating within the tumour [3, 4]. The efficacy of this
method relies on the achieved tumour temperature
elevations, which are largely determined by the
nanoparticle concentration distribution in the
tumour; therefore, having an imaging technique to
directly visualise and analyse the three-dimensional
nanoparticle distribution in tumours would greatly
improve treatment protocols to kill all tumour cells
while avoiding overheating in the surrounding
healthy tissue.

Magnetic nanoparticles such as iron oxides mag-
netite Fe;O, and maghaemite y-Fe,O3 are biocom-
patible in human tissue [5] and can be delivered to
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tumours via systemic injections or intratumoural
injections. The heat generated by nanoparticles when
exposed to an external alternating magnetic field is
mainly due to the Néel relaxation mechanism and/or
Brownian motion of the particles [6, 7]. In the
systemic injection, not all the nanoparticles injected
into the blood stream may reach the target region
and its distribution in tumours also may rely on the
local blood perfusion rate and extent of vascular
leakage, as well as the coating on the nanoparticles
to enhance extravascular transport. The second
approach, which is the focus of the current study, is
to directly inject magnetic nanoparticles into the
extracellular space in tumours. The advantage of
intratumoural injection of nanoparticles is to confine
the particles to the tumour region surrounding the
injection site to achieve a desired thermal dosage in
the tumour. Previous experimental studies [8—11]
have shown that magnetic nanoparticle hyperthermia
via intratumoural injections can be successfully used
to treat prostate cancer. This approach has also been
used to treat breast cancer, kidney tumours, and liver
cancer [12-14]. A previous i vivo animal study on
rat muscle tissue has suggested an injection amount
of 0.2 cm’ of magnetic nanofluid (3.8% nanoparticle
concentration) to achieve at least 6°C temperature
elevations under a magnetic field of only 2kA/m
[16]. Another advantage of intratumoural injections
is the ability to design optimised treatment protocols
using multiple injection sites to generate sufficient
temperature elevations for the entire tumour. A
computer algorithm developed by Salloum et al. [17]
has identified an injection strategy to achieve the
isotherm of 43°C almost on the boundary of an
irregularly shaped tumour. The developed algorithm
allows adjustments of injection parameters such as
injection rate and injection amount to elevate at least
90% of a tumour above certain threshold tempera-
ture (43°C), while less than 10% of the normal tissue
temperatures exceed this threshold, when one
designs a treatment protocol for an irregularly
shaped tumour. As suggested by the previous results,
it is important to understand how the injection
parameters affect the heat generation pattern in real
tumours for designing optimal protocols using the
computer algorithm.

Previous experiments have shown the feasibility to
investigate nanoparticle distribution using semi-
transparent agarose gels [15, 18]. Since ferrofluid
appears black in the semi-transparent gel, a photo
image of the gel provides the general geometrical
shape of the ferrofluid spreading after injection. It
has been shown that the nanoparticles were confined
to the vicinity of the injection site and particle
deposition was greatly affected by the injection rate
and amount [15, 16, 18]. Although the tissue
equivalent gels cannot completely mimic the real

biological tissue, those gel studies have demonstrated
that implementing a very slow injection rate
(~5 W/min) is critical to have controlled and repeat-
able nanoparticle concentration distributions.
Detailed nanoparticle deposition in the gel is difficult
to quantify only based on the photo image of the gel.
The local nanoparticle distribution has been quanti-
fied via direct measurement of the specific absorption
rate (SAR) values at individual gel locations via
SAR = pCp%—ﬂIZO, where p is density, C, is specific
heat, T is temperature and ¢ is time. This method is
based on the assumption of negligible heat conduc-
tion in the tissue before the heating is turned on. It
has been shown from previous studies [15, 18] that
the nanoparticle concentration is not uniform in the
gel. Understanding nanoparticle distribution in real
tissue is even more difficult to quantify since tissue is
opaque. Typically, an assumed SAR distribution is
proposed and the unknown parameters in the SAR
expression are adjusted to have the best agreement
between experimentally measured temperature ele-
vations in tissue and theoretically predicted temper-
ature field based on the proposed SAR expression
[16]. The accuracy of this approach depends on the
certainty of the temperature sensor locations in the
tissue and how well the theoretical simulation models
the actual tissue geometry and vasculature.

Nanostructures used in hyperthermia cancer treat-
ment have a similar size range as the hydrodynamic
radius of macromolecules in previous drug delivery
studies. Some of the previous animal studies of large
molecular drug transport in cancer treatment may be
applicable to the transport properties of nanostruc-
tures in tumours. Typical experimental approaches
of evaluating drug/nanostructure distribution in
tumours utilise fluorescently labelled drug molecules
in implanted tumours. Due to the penetration
limitation of confocal microscopy (up to 200 pm in
depth) and other optical methods, drug transport in
the interstitial space in tumours is evaluated via a 2-D
cranial or dorsal window chamber tumour prepara-
tion [19-21]. The complicated heterogeneous 3-D
tumour structure may not be well represented in
those 2-D tumour preparations, and 3-D transport
process is often not realistically captured by those
approaches.

X-ray computed tomography (CT) nowadays is a
well-established standard diagnostic tool in medical
fields for inspection and testing. MicroCT offers a
non-destructive way to obtain complete high resolu-
tion three-dimensional spatial morphology of small
specimen (up to 6 cm in dimension). Recently, iron-
based nanoparticles have gained prominence in
medical imaging [14, 22, 23]. Several previous
works [10, 11, 14] have shown that CT can be
used to guide the intratumoural injection of ferro-
fluid. However, those studies are limited by their
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spatial resolution in the CT images (~1mm) with
only a few temperature measurements in tissue.
Recent research by our group has shown the feasi-
bility of using a high-resolution microCT imaging
system to quantify not only detailed nanoparticle
concentration distribution in agarose gels but also
the linear correlation between the local nanoparticle
concentration and its generated SAR value [18].
Although the microCT does not allow direct visual-
isation of individual nanoparticles, the accumulation
of nanoparticles in the gel results in a region with a
much higher density than the rest of the gel area
and the density variation is detected by the microCT
system. Agarose gel is a biphasic viscoelastic solid. Its
shear modulus is negligible compared to its bulk
modulus. Gel acts like rubber materials under
application of internal pressure, which leads to
swelling. Unlike real tissue, which can sustain suffi-
ciently high pressure elevation without breakage, gel
typically has a very low tolerance to local pressure
rises. The low pressure tolerance by gel makes it
unsuitable to apply the gel results to actual tissue,
including tumours. In addition, gel cannot mimic the
actual blood perfusion in real tissue; therefore, the
measured temperature elevations in gel are not
applicable to realistic thermal conditions associated
with i vivo animal studies or clinical trials. It is
critical to use a three-dimensional imaging technique
to understand how the injection parameters affect the
actual nanoparticle concentration distribution in
tumours and to investigate the correlation between
achieved tumour temperature elevations and nano-
particle distribution.

In this study we perform i vivo animal experi-
ments on implanted prostatic tumours in mice to
measure temperature elevation distribution in the
tumour during magnetic nanoparticle hyperthermia.
Temperature rises are induced by a commercially
available ferrofluid injected to the centre of the
tumour, when the tumour is subject to an alternating
magnetic field. The tumours resected from the mice
before and after the heating experiment are scanned
in a high-resolution microCT imaging system. The
effects of the ferrofluid infusion rate on the nano-
particle distribution and the obtained temperature
elevation distribution in the tumours are evaluated in
the study. A possible nanoparticle redistribution after
heating will be discussed.

Experimental methods and materials
Awmimals and tumour models

Fifteen Balbc/c Nu/Nu male mice [mean4 SD:
25.44 4+5.51 g] bearing PC3 xenograft tumour were
used for this study. The mice were purchased from
the National Cancer Institute. Each mouse was

inoculated on both flanks with 10 PC3 human
prostate cancer cells via a sterile 26-gauge needle
injection at the University of Maryland, Baltimore
(UM,B). Once the tumours reached a diameter of
10 mm, the mice were brought to the laboratory at
the University of Maryland Baltimore County
(UMBC) for the nanoparticle hyperthermia experi-
ment. Depending on individual mice, it usually took
6—8 weeks for the tumour to reach the desired size
measured by a calliper. The mouse was anaesthetised
with sodium pentobarbital solution (40 mg/kg, i.p.),
and placed on a water-jacketed heating pad to
maintain a normal body core temperature monitored
by a thermocouple inserted into the rectum. The
detailed animal protocol has been approved by both
UM,B and UMBC Institutional Animal Care and
Use Committees (IACUC:s).

Nanoparticle injections

Water-based ferrofluids (EMG705 series, Ferrotec,
Nashua, NH) with a concentration of 5.8% by
volume and a particle size of 10nm were used in
this study. The ferrofluid was loaded on a syringe
pump (Genie Plus, Kent Scientific, Torrington, CT)
to control the infusion flow rate and the amount of
the injection. A 26-gauge Hamilton needle (Fischer
Scientific, Springfield, NJ) was used for injecting
ferrofluid into one of the two tumours (Figure 1). An
injection amount of 0.1 cm® was adequate to elevate
temperatures to at least 50°C, which is sufficiently
high to kill tumour cells when the heating duration is
longer than 15min; therefore the injection amount
was selected as 0.1 cm?®. Based on the density of
magnetite (5240kg/m>) and the given ferrofluid
concentration, each 0.1 cm’ of ferrofluid contained
approximately 25.2 mg of iron.

In this study, we wanted to evaluate how the
infusion flow rates affect the nanoparticle distribution
and temperature elevations in the tumour. Three
mouse groups were included in the study, and
individual groups represented different infusion flow
rates, including 5 pl/min, 10 pl/min, and 20 pL/min
[15, 16, 18]. For each infusion flow rate, five tumours
were used to analyse the data. Mice were randomly
placed into different experimental groups.

Magnetic field and temperature measurements

After the ferrofluid injection, two thermocouples (T-
type, copper-constantan wires, 50 um diameter) were
inserted into the tumour to map the steady-state
temperature elevations in the tumour. A gauge 22
needle was inserted in the tumour and it passed
through the tumour centre all the way to the other
side of the tumour. The thermocouple was inserted
into the needle from one side of the tumour until it
reached the opposite side. The needle was then



494 A. Attaluri et al.

Figure 1. Ferrofluid injection into one of two tumours implanted in a mouse.

Radio frequency generator

An alternating magnetic field
generated by a two turn coil

Thermocouple
path

Figure 2. Experimental setup for the animal study including the radio frequency generator, a two turn coil for generating an
alternating magnetic field, a stage for placing the mouse. The image on the right shows the tumours implanted in the mouse,
the needle for injecting the ferrofluid, and two thermocouple paths to map the tumour temperature distribution.

withdrawn and removed since the metal needle can
be heated in the presence of the magnetic field.
Another thermocouple was inserted similarly except
that the needle paths were perpendicular to each
other, shown in Figure 2. Three more thermocouples
were used to monitor the rectum, skin and environ-
ment temperatures. A radio-frequency generator
(Hotshot 2, Ameritherm, Rochester, NY) was used
to induce an alternating current of 400A at a

frequency of 190kHz. The current passes through
a custom-made two-turn water-cooled coil of 15 cm
in diameter to generate a magnetic field inside the
coil (Figure 2). The mouse was placed on a custom-
made stage inside the coil such that the centre of the
tumour with the nanoparticle injection is located at
the coil centre where the magnetic field strength
reached its maximum value (3kA/m). Since the
magnetic field distribution was axi-symmetric inside
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the coil and the tumour was relatively small, the
variation of the magnetic field inside the whole
tumour can be considered negligible.

Our preliminary studies have shown that it takes
less than 15 min to establish a steady state using the
alternating magnetic field in this study. After a steady
state was established, the temperature measurements
along both tumour tissue paths were performed when
one withdrew the thermocouples from their initial
positions at an increment of 2 mm until they reached
the other end of the tumour tissue path
(see Figure 2). The thermocouple stayed at each
tissue location for 20s. This time duration is
considered much longer than the characteristic time
for the thermocouple to approach the same temper-
ature as the tissue. Temperatures were recorded
using a LabView® program running on a personal
computer.

After the heating experiment, the mouse was
removed from the stage. Whenever possible, the
other tumour, located contra-laterally in the mouse,
was used to evaluate the nanoparticle distribution
without heating. The same amount of ferrofluid was
injected into the contra-lateral tumour using the
same infusion flow rate after the heating experiment
for microCT imaging analyses. Then the mouse was
euthanised with sodium pentobarbital overdose
(160 mg/kg, i.p.). Both tumours were removed for
the microCT scan.

MicroCT imaging and image analyses

Each tumour was placed in a microCT imaging
system for scanning immediately after the mn wvivo
experiment. A high-resolution microCT imaging
system (Skyscan 1172, Microphotonics, PA) was
used to image the nanoparticle distribution in the
tumour tissue. The tumour was placed in low-
density Styrofoam, and mounted on the platform of
the imaging system with the help of a stage holder.
A medium resolution scan of 17 um (pixel size) was
selected at 100kV and 100 pA without a filter. The
total CT scan time was typically less than 20 min.
The images acquired from the microCT scan were
then reconstructed using the NRecon® software
package provided by Microphotonics. Scan param-
eters and reconstruction parameters were Kept the
same for all the scanned tumours in the study. The
reconstructed images were analysed using
the CTan® software package. In the scanned
images and reconstructed image, the brightness is
represented by the pixel index numbers between 0
and 255.

The total region of interest (ROI) was selected by
interpolating the local ROI (ROI of each individual
slice) throughout the selected tissue region. This
procedure helped estimate the tumour boundaries

and its volume (mean=+SD: 2.57+1.26cm’) and
also minimised the total memory. The pixel index
number for the tumour tissue ranged from 45 to 50,
based on scanning results of tumours without
ferrofluid injections. Adding nanoparticles in
tumours increased the local pixel density and result
in a larger pixel index number, and the region
occupied by nanoparticles appeared brighter in the
images. In this study, we assumed that a pixel region
having a pixel index number higher than 55 con-
tained nanoparticles. Pixel index numbers between
55 and 60 indicated pixels with low particle concen-
trations. The calculated nanoparticle distribution
volume for the range of 55-60 represents regions
with low nanoparticle concentration. By comparing
the calculated distribution volumes related to differ-
ent nanoparticle concentrations, one can draw con-
clusions whether nanoparticles are uniformly
distributed or not in the tumour. Hence, the calcu-
lated nanoparticle distribution volume associated
with various pixel index number ranges could be
used to estimate how different nanoparticle concen-
trations were distributed in the tumour.

Using the CTan® software the highest density
voxels along lines projected through the volume data
set were selected and then incorporated into a two-
dimensional image. By stacking all the two-dimen-
sional images together, a pseudo three-dimensional
projection of the inner nanoparticle distribution
could be visualised. This technique is known as
maximum intensity projection (MIP). MIPs of the
scanned tumour with nanoparticles were acquired
and used to quantitatively compare the nanoparticle
distribution patterns affected by various factors.

Statistical analysis

The nanoparticle distribution volume and tempera-
tures at all positions and other parameters of all three
experimental groups were analysed and expressed as
mean + SD. Differences among the mean values of
temperatures or nanoparticle distribution volume
were determined by one-way repeated measures
ANOVA. The post hoc comparisons between any
two infusion rate groups were performed by the
Student’s t-test. Significance was evaluated at the 5%
confidence level.

Results
Temperature distribution

Typical temperature distributions along the tumour
tissue paths obtained during the magnetic nanopar-
ticle hyperthermia treatment are shown in Figure 3.
Both curves represent the steady-state tumour tem-
peratures measured by the two thermocouples along
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Figure 4. Tumour temperature distributions affected by different ferrofluid infusion rates.

the tumour paths. Although we have tried our best
to have both paths passing through the tumour
centre, it may not occur for this tumour. The
maximum temperature is close to the injection
site (tumour centre) and significant temperature
elevations are observed. A bell like distribution of
the temperature profile as a function of radial
distance from the injection site can be seen in
Figure 3. For a typical tumour of 10 mm in diameter,
the minimal temperature elevations occur at the
tumour boundary surface and they are still larger
than 20°C, above the baseline temperature of
approximately 37°C.

The temperature elevations measured in all the
tumours are grouped together to evaluate the effect
of the ferrofluid infusion flow rate on the temperature
elevations. Figure 4 shows the variation of temper-
ature profile as a function of the distance from the
injection site for different infusion flow rates.
Temperature elevations from all the trials for a
specific infusion flow rate is set as a function of the
distance from the injection site and a best-fit curve
is used to fit the data. To achieve a minimal
temperature elevation of 10°C for 20min [24] in
the entire region of a tumour used in this study, the
infusion rate should be lower than 10 pl/min. The
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microCT scans.

average values of the temperature elevations in each
group are illustrated in Figure 5. It is shown that 27°,
15°, and 14°C above the baseline temperature of 37°C
are achieved for the infusion rate of 5, 10, and 20 uL/
min, respectively. Although standard deviation in
each group is high, there is a significant difference
(p<0.05) between the 5 pl/min group and any of the
other two groups. Both Figures 4 and 5 illustrate that a
smaller infusion flow rate would yield much higher
temperature elevations in the tumour.

MicroCT images of nanoparticle distribution

Figure 6 gives a three-dimensional microCT image
of a tumour containing nanoparticles. It is evident
that the deposition of nanoparticles in tumours
greatly increases the local pixel index number,
which represents the average material density of the
pixel volume. The tissue region containing nanopar-
ticles appears bright, while the normal tumour region
without nanoparticle is represented by dark colour.
The variations of the pixel index number inside the
nanoparticle region can be used to assess the
nanoparticle concentration distribution, which typi-
cally is not uniform in the tumour. Using a single
needle injection site in the tumour does not neces-
sarily produce a perfectly regular shape of the
nanoparticle distribution region. As shown in
Figure 6, the shape is quite irregular, although the
majority of the nanoparticles are confined to the
injection site. It appears that nanoparticles transport
through small cracks in the tumour and form those
irregularly shaped branches.

2 mm

Figure 6. An obtained 3-D microCT scan image of a
tumour with nanoparticle injection after the heating
experiment. Red arrows represent ferrofluid filled cracks/
voids within the tumour.

The observed temperature elevation variations
among different ferrofluid infusion rate groups may
be directly related to the nanoparticle distribution in
the tumour, since the local nanoparticle concentra-
tion is proportional to the local SAR values. Using a
pixel index number range of 55 and above, the total
nanoparticle distribution volume can be calculated
using the microCT analyses software. As shown in
Figure 5, the nanoparticle distribution volumes are
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Table 1. Nanoparticle distribution volume for different pixel number ranges.

Nanoparticle distribution volume mm?>

*

Pixel range >55 55-60 60-65 65-70 70-75 75-80 80-85
Infusion without heating 36.52 17.51 8.48 3.17 1.20 0.70 0.30
Infusion + heating 40.57 20.52 7.13 2.20 1.21 1.09 0.69

*Pixel range of >55 represents the total nanoparticle distribution volume within the tumour.
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40%

35%

30%

25%

20%

15%

10%

5%

Percentage of occupied nanoparticle distribution
volume within individual pixel index number ranges

0% -
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B Infusion + Without heating

B Infusion + Heating

65-70 70-75 75-80

Pixel index number range

Figure 7.

The percentages of occupied nanoparticle distribution volume within individual pixel index number ranges over

the entire nanoparticle distribution volume, which is calculated using a threshold pixel index number of 55. The infusion

flow rate of the ferrofluid is 5 pL/min.

36.524+36.77, 57.71+£108.66, and 144.21+
181.65mm° for the infusion rate of 5, 10, and
20 pL/min, respectively. Decreasing the infusion rate
confines the nanoparticles to a small distribution
volume compared to that using larger infusion rates,
this results in larger temperature elevations in the
tumours.

In this study, we have selected various ranges of
the pixel index number including 55-60, 60—65, 65—
70, 70-75, 75-80, and 80-85. The range of 5560 is
associated with a low local nanoparticle concentra-
tion, while the range of 80—85 represents a high local
nanoparticle concentration. Using different ranges,
one can study the nanoparticle distribution volume
associated with different nanoparticle concentra-
tions. The results are presented in Table 1. The
total overall nanoparticle distribution volume after
infusion alone is 36.5mm’ (pixel number > 55).
Nanoparticles associated with a low local nanoparti-
cle concentration (pixel index range of 55-60)
occupy a total volume of 17.51 mm?>, while the

volumes are decreasing with an increase in the
nanoparticle concentration. Only 0.3 mm? pixel vol-
umes are occupied by a high nanoparticle concen-
tration (pixel index range of 80-85). Figure 7
illustrates the occupied nanoparticle distribution
volume percentage for different pixel number
ranges. Similar to Table 1, Figure 7 suggests that
the distribution of the nanoparticles in the tumour is
not uniform. The least concentrated nanoparticles
represented by the pixel number range between 55
and 60 occupy almost half of the distribution volume
(17.5/36.5=48%). The percentage of the second
range between 60 and 65 decreases more than half to
23%. A general pattern can be observed to suggest
approximately 50% decrease from its previous range.
If the different pixel index ranges represent individ-
ual nanoparticle concentrations, nanoparticles with
lower local concentrations appear to occupy much
bigger tissue volumes.

The nanoparticle distribution volumes have also
been calculated based on scanning a group of
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tumours after the heating experiment (the last row in
Table 1 and red bars in Figure 7). Comparing the
results of the heating group to the group without
heating under the same ferrofluid infusion flow rate
may offer insights on whether heating has induced
any changes of nanoparticle distribution in tumours.
Quantitative analyses of the nanoparticle distribution
volumes of the two groups are illustrated in Table 1.
At the infusion rate of 5 ul/min, the total nanopar-
ticle distribution volume is approximately 36.5 mm>
for the group without heating (pixel index num-
ber > 55). The total nanoparticle distribution volume
increases by 11%, to 40.6 mm® in the heating group.
This suggests that overall the nanoparticles are
dispersed in a larger tumour volume after heating.
Figure 7 also shows that the percentage of the
nanoparticle distribution volume associated with the
lowest nanoparticle concentration (the 55-60 range)
increases from approximately 48% in the group
without heating to 51% in the heating group. Slight
decreases in the percentages associated with higher
nanoparticle concentrations are observed.
Considering that the total infusion amount of the
ferrofluid and the total numbers of nanoparticles are
the same for both groups, and typically nanoparticle
concentration varies from high in the tumour centre
to low in the tumour periphery, one may interpret the
increase in the nanoparticle distribution volume in
the lower nanoparticle concentration range after
heating as additional particle dispersion to the
tumour periphery during the heating process.

Discussion

In hyperthermia treatment for killing cancer cells,
maintaining sufficient temperature elevations for a
period of time is essential for the treatment efficacy
[24-28]. Typically, 43°C (6°C above 37°C) is the
minimum temperature threshold to induce cytotoxic
responses if the heating time is longer than 1 or 2h.
For higher temperature elevations, the required
heating time can be dramatically decreased due to
the inverse logarithmic relationship between temper-
ature elevation and heating time. Previous experi-
mental studies wusing animal models have
demonstrated impressive tumour temperature
above 60°C using various magnetic field strengths,
nanoparticles, and nanoparticle concentrations [6, 8,
10-14]. The strength of the alternating magnetic
field and the ferrofluid concentration are two impor-
tant factors in magnetic nanoparticle hyperthermia to
induce sufficient thermal dose to tumours. Previous
investigations [18, 28] have shown that the volumet-
ric heat generation rate or SAR is proportional to the
square of the magnetic field strength H?. A wide
range of magnetic fields ranging from 3 to 25 kA/m

were used in previous studies. In this study, one of
our goals is to use a magnetic field strength in the
lower limit to generate sufficient temperature eleva-
tions. The magnetic field strength has been increased
from 2 kA/m in our previous study [16] to 3 kA/m in
this study. In addition, the ferrofluid concentration
increased almost 50% (5.8% versus 3.9%). So it is
not a surprise to see in tumours with only 0.1 cm’
ferrofluid injection much higher temperature eleva-
tions than in our previous study in muscle tissue
[16]. An impressive average temperature elevation of
25°C above the normal body temperature was
observed in the tumours with a slow infusion flow
rate of 5 ul/min. A smaller amount of ferrofluid may
be more clinically feasible and attractive to clinicians
due to its shortened injection time, yet it still achieves
sufficient temperature elevations such as 10°C to kill
tumour cells.

Confining the same amount of nanoparticle solu-
tion to a smaller volume would result in a higher
nanoparticle concentration in the centre of tumours.
Based on previous theoretical derivations and exper-
imental studies [7, 18, 29], the volumetric heat
generation rate or SAR should be directly propor-
tional to the nanoparticle concentration in the
tumour. It is expected to see a correlation between
temperature elevations and nanoparticle deposition
distribution in tumours illustrated by the current
study. The control parameter in the study is the
ferrofluid infusion flow rate. Previous studies have
shown that the infusion rate should be very small not
to induce high local stress in tumour tissue. The
maximal infusion rate used in this study is 20 pL/
min, which did not create any micro-cracks in
muscle tissue in our previous study [16]; however,
the very irregular nanoparticle deposition patterns
with many cracks shown by the microCT scans
suggest that the prostatic tumours used in this study
have a very low tolerance to elevated local pressure
due to intratumoural injections. With a very small
infusion rate of 5 pl/min, one can still see some crack
formation in the tumours, although nanoparticles are
more concentrated in the vicinity of the injection site.
Formation of cracks in the tumour during intratu-
moural injections also makes repeatable and con-
trolled nanoparticle distribution in the tumour
difficult. Due to crack formation, more nanoparticles
may be deposited in the tumour peripheral region
rather than at the injection site. Our results have
suggested that further lowering of the infusion rate
may lead to fewer cracks and repeatable nanoparticle
distribution patterns. As shown in the temperature
elevation distributions, the standard deviation of the
temperatures in the 5 ul/min group is much smaller
than that of the other two groups with larger infusion
rates. The measured temperature elevations in the
5ul/min group are significantly higher than in the
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other two groups, since the nanoparticles are more
confined. One drawback of slow infusion rates is long
infusion time, which may not be clinically feasible.
Thus, more experimental studies are needed to use
minimal ferrofluid amounts to achieve an acceptable
injection time in clinical settings. This often requires
more powerful magnetic fields to elevate the tumour
temperature to similar levels, while using a small
ferrofluid amount.

For this study, we are not certain whether the same
amount resides in the tumour for the different
injection rates. Previous experimental investigation
by Johannsen et al. [23] has reported that 89.5% of
the injected iron was detected in the tissue, while the
remaining 10.5% may leak out or be carried away by
the needle. One possible reason for the nanofluid
leakage to the rest of the body may be due to large
crack formation in tumours by the high pressure at
the injection site, as shown in previous studies [30—
32]. It is likely that a high infusion rate would result
in big cracks, providing directing leakage channels to
the rest of the mouse body. In this study, based on
the observation that the tumour was self-contained in
a sac, and trace of nanofluid (black colour) was not
found in the surrounding mouse tissue, we speculate
that limited dissemination of the nanofluid to the
body occurred. Nevertheless, this is a limitation of
our study. More experimental measurements are
needed to quantify the leakage in the future.

The current study using high resolution microCT
scans has demonstrated the capability of the imaging
system to quantitatively assess nanoparticle distribu-
tion in tumours and how various parameters affect
the distribution. The nanoparticle distribution
volume has been used to analyse nanoparticles
spreading in the tumours. Note that the distribution
volume is a combination of all the pixel volumes
containing sufficient nanoparticles to yield a mea-
surable pixel index number above the baseline.
Having a very small nanoparticle distribution
volume has suggested that most of the nanoparticles
are confined to a small region in the vicinity of the
injection site. On the other hand, a big nanoparticle
distribution volume is an indication of significant
spreading to the tumour periphery. The smaller
ferrofluid infusion rates result in more confined
nanoparticle depositions, leading to a much higher
temperature elevation at the tumour centre. When
the particles are dispersed more towards the tumour
periphery, it is expected to see smaller temperature
elevations in the tumour. The measured temperature
elevations affected by the ferrofluid infusion rate have
demonstrated a correlation to the calculated nano-
particle distribution volumes.

Using different threshold pixel index numbers, one
can extract the nanoparticle distribution volumes
associated with various pixel index number ranges.

Our study has shown that the nanoparticle distribu-
tion volumes for various pixel index number ranges
are not uniform. The tumour volume having the
smallest nanoparticle concentration (55-60 pixel
index number range) occupies almost 50% of the
nanoparticle distribution volume. The information
can be very useful for theoretical simulations of
temperature elevations in tumours, where an expres-
sion of the SAR distribution is needed. Analysing the
nanoparticle distribution volumes at various concen-
tration ranges may lead to better understanding of
the nanoparticle concentration distribution in the
tumour, and a relatively accurate SAR expression to
model the heating pattern in magnetic nanoparticle
hyperthermia.

Difference in the nanoparticle distribution vol-
umes between a group of tumours without heating
and another group after heating has illustrated
possible effects of heating on the nanoparticle distri-
bution. It has been shown that the nanoparticle
distribution volume after heating is bigger than that
without heating. This trend suggests re-distribution
of nanoparticles during the heating. It has been well
documented that hyperthermia can enhance vascular
permeability in tumours to facilitate extravasation of
nanostructures to tumour interstitial and further
spreading to tumour periphery [20, 33-36]. The
motion of nanoparticles in a porous medium is
possible once the diffusion force overcomes other
forces trapping them in their initial position. For
example, nanoparticles, initially more confined to the
injection site, may diffuse to the less concentrated
region due to decrease in diffusion resistance by
increased nanoparticle diffusivity due to cancer cell
death in some tumour regions [36—37]. Another
possibility of dispersing nanoparticles may be driven
by the release of intracellular solution during heating.
Local heating elevates tissue temperature, which in
turn, may result in disruption of cell membrane. The
originally bounded intracellular solution, once
released, may elevate local pressure that induces
convection of interstitial fluid and motion of nano-
particles. Although it was not directly visualised in
most previous studies, our observation using
microCT is consistent with a phenomenon known
as the ‘thermal bystander effect” [27]. Repeated
heating has been used as a technique to kill tumour
tissue completely in magnetic nanoparticle hyper-
thermia. Previous experimental studies [27] have
shown a much more uniform temperature elevation
in tumours in later repeated heating protocols using
nanoparticles. This can be explained by a more
dispersed nanoparticle distribution in the tumour
after the initial heating. More quantitative microCT
analyses, as well as multiscale theoretical modelling
[38] are still needed to better understand the
contributions of individual transport mechanisms to
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the nanoparticle re-distribution in tumours during
heating procedures.

In summary, temperature mapping in the
implanted prostatic tumours during magnetic nano-
particle hyperthermia has illustrated the feasibility of
elevating tumour temperatures higher than 50°C
using very small amounts of ferrofluid injected in the
tumour with a relatively low magnetic field. A high-
resolution microCT imaging system is capable of
visualising detailed nanoparticle concentration dis-
tribution in opaque tumours. The calculated nano-
particle distribution volume based on the microCT
scans is useful to analyse nanoparticle deposition in
the tumours. Slower ferrofluid infusion rates result
in smaller nanoparticle distribution volumes in the
tumours. Nanoparticles are more confined in the
vicinity of the injection site with slower infusion
rates, causing higher temperature elevations in the
tumours. The increase in the nanoparticle distribu-
tion volume in the tumour group after the heating
from that in the tumour group without heating
suggests possible nanoparticle re-distribution in the
tumours during the heating.
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