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Abstract
In magnetic nanoparticle hyperthermia in cancer treatment, the local blood perfusion rate and the amount of nanofluid
delivered to the target region are important factors determining the temperature distribution in tissue. In this study,
we evaluate the effects of these factors on the heating pattern and temperature elevations in the muscle tissue of rat hind
limbs induced by intramuscular injections of magnetic nanoparticles during in vivo experiments. Temperature distribution
in the vicinity of the injection site is measured inside the rat limb after the nanoparticle hyperthermia. The measured
temperature elevations at the injection site are 3.5� � 1.8�C and 6.02� � 0.8�C above the measured body temperature, when
the injection amount is 0.1 cc and 0.2 cc, respectively. The full width of half maximum (FWHM) of the temperature
elevation, an index of heat transfer in the radial direction from the injection site is found to be approximately 31 mm for both
injection amounts. The temperature measurements, together with the measured blood perfusion rate, ambient air
temperature, and limb geometry, are used as inputs into an inverse heat transfer analysis for evaluation of the specific
absorption rate (SAR) by the nanoparticles. It has been shown that the nanoparticles are more concentrated in the vicinity
of the injection site when the injection amount is bigger. The current in vivo experimental studies have demonstrated the
feasibility of elevating the tissue temperature above 43�C under the experimental protocol and equipment used in this study.

Keywords: Nanoparticle hyperthermia, in vivo animal model, temperature, SAR, cancer treatment

Introduction

Within the past two decades, hyperthermia has been

widely used in a variety of therapeutic cancer

treatment procedures, either as a singular therapy

or as an adjuvant therapy with radiation and drugs.

Both the direct cell-killing effects of heat and the

sensitization of other agents by heat are phenomena

strongly dependent on the achieved distribution of

the temperature elevation and heating duration.

Among various heating approaches, magnetic nano-

particle hyperthermia has a potential to achieve

optimal therapeutic results due to its ability to deliver

adequate heating power to irregular and/or deep-

seated tumor at low magnetic field and small

frequency [1]. Iron oxides magnetite Fe3O4 and

maghemite � – Fe2O3 nanoparticles are the most

studied to date [2] due to their biocompatibility [3]

when injected in the human tissue. The heat

generated by the particles subject to an external

alternating magnetic field is mainly due to the Néel

relaxation mechanism and/or Brownian motion of

the particles [4, 5]. The superparamagnetic particles

(10–40 nm) are recommended in clinical application

as they are able to generate substantial heat within

low magnetic field strength and frequency [6]. This

approach has been used to treat tumors in liver [7]

and breast [2, 8]. An advantage of this method is that

multiple-site injections can be exploited to cover the

entire target region in the case of an irregularly

shaped tumor. The success of this approach relies on

its ability to elevate temperatures above 43�C in the

entire tumor with minimal thermal damage to the

surrounding healthy tissue. Due to their small size,
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the nanoparticles experience no blood coagulation

on their surface but they are more likely to be

consumed through phagocytosis [9]. However, the

blood vessels in tumors are leaky; therefore the

lymphatic drainage of the nanoparticles is decreased

because of their affinity to tumor cells and to the

diminished endothelial barriers. This is known as the

‘enhanced permeability and retention’ and it is

enhanced through coating the nanoparticles with a

protein layer [10]. On the other hand, Kawai et al.

[11] reported that repeated hyperthermia kills

cancer cells through not only heating but also

inducing anti-cancer immune response.

Previous investigations have demonstrated that

particle size, particle coating, and magnetic field

strength and frequency determine its heating capacity

defined as the specific loss power (SLP) [4–6, 12].

However, once the nanoparticles are manufactured,

the spatial distribution of the particles dispersed in

tissue dominates the spatial temperature elevation.

Previous experimental data have suggested that the

particle concentration is not uniform after the

injection [13]. The obtained values of the specific

absorption rate by previous investigators are sum-

marized in Table I. Most of those investigations gave

the value of the SAR in term of W/kg obtained from

either in vivo or in vitro experiments on tissue. The

reported magnetic frequency varied from 63 kHz to

700 kHz, while the lower and upper limits of the

magnetic field strength were 3 and 24.8 kA/m.

Particle sizes used are all smaller than 15 nm in

diameter. The wide range of the reported SAR

measurements (28� 467 W/kg) may be mainly due

to the variation of magnetic field strength and

frequency, nanoparticle concentration, as well as

the injection amount. It may imply that the coating

on the nanoparticle also plays an important role in

determining the values of the SAR.

A recent experimental study in a tissue-equivalent

agarose gel by our group has shown that the particles

were confined in the vicinity of the injection site and

particle deposition was greatly affected by the

injection rate and amount [13]. Experimental studies

have been performed to measure the temperature

rises in tissue and to evaluate the feasibility of the

approach. The in vivo experimental investigation by

Hilger et al. [2, 8, 16] showed that temperatures up

to 71�C could be obtained at the center of a tumor in

a mouse model. In the same study, the temperature

elevation in dry breast tissues was measured and

found to increase as a function of the amount of

nanofluid injected and depend on the magnetic

field strength. The clinical study by Johannsen and

Jordan [24–26] focused on testing the magnetic

fluid hyperthermia on prostate cancer. The histolo-

gical analysis of the cancerous tissues showed

a partial necrosis of the cells after the treatment.

These experiments have demonstrated the feasibility

of elevating the tumor temperature to a desired level;

however, in some tumor regions, usually at the tumor

periphery, underdosage of heating (temperature

increase lower than critical value) was observed.

In those studies of the heating pattern using animal

models, temperature was measured at only one

location in tissue. The actual spatial distribution

of the magnetic particles after being injected into the

tumor and the resulting temperature fields remain

unknown in the animal and clinical studies.

Recently, in vivo experiments of magnetic nano-

particle thermotherapy combined with external

radiation were performed on rats by Johanssen

et al. [28]. This combined treatment was found to

reduce the tumor growth by about 88% with a

maximum and a minimum temperature of 58�C and

42�C, respectively. Although the temperatures were

measured at different places inside the tumor and

tissue, no information about the positions of the

temperature measurements relative to the tumor size

was reported. In another clinical investigation of

the human prostate, the SARs were calculated based

on the magnetic field strength and the particles

distribution measured by computed tomography

(CT) [19]. The efficacy of the treatment was found

to be dependent on the number of nanoparticle

depositions. The SAR distribution induced by the

nanoparticles was estimated by the CT density that

gives the amount of iron oxide contained in a tissue

volume. However, no information concerning the

size of the individually examined tissue volume was

reported. The accuracy of the CT measurements is

limited by its spatial resolution.

The objective of the current study is to evaluate the

effects of animal tissue heterogeneity and local blood

perfusion rate on the diffusion/convection of a

commercially available nanofluid. In vivo experi-

ments were performed on rat limbs to measure

the temperature distribution in the tissue after

nanoparticle hyperthermia induced by the nanopar-

ticles. The effects of the local blood perfusion rate

and the amount of the injected nanofluid on the

temperature elevations were investigated in this

study. Based on the experimental results, an analy-

tical expression of the SAR was extracted through

inverse heat transfer analyses on the measured

temperature field.

Methods and materials

Animals

Six male Sprague-Dawley rats (Mean�SD,

504� 21 g) obtained from Charles River Laboratory

(Boston, Massachusetts) were used for the experi-

ments. The rats were anesthetized with pentobarbital

590 M. Salloum et al.
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sodium solution (40 mg/kg) through intraperitoneal

injections and covered by a heating pad to keep a

normal body core temperature throughout the in vivo

experiment. The rectal temperature was monitored

with a thermocouple inserted into the rectum.

Additional anesthetic was administrated as needed.

The experimental protocol was reviewed and

approved by the IACUC at University of Maryland

Baltimore County. Once each rat was unconscious,

iron oxide nanoparticles were infused in the musculus

triceps surae muscle [29] such that the needle tip

reached the center of the limb. The temperature in

the middle of the limb muscle was monitored by a

thermocouple during the experiment to assess

whether a steady state temperature field was estab-

lished. The muscle temperatures were measured

along a tissue path shown in Figure 1.

Nanoparticle infusion

Water-based ferrofluid (EMG705 series, Ferrotec

Corporation, Nashua, NH) with a concentration of

3.3% by volume and a particle size of 10 nm was used

in this study. Based on the density of magnetite

(5240 kg/m3) and the given ferrofluid concentration,

each 0.1 cc of ferrofluid contains 17.3 mg of solid

iron oxide. The ferrofluid was loaded in a 1 cc

syringe. The syringe was connected to a 16 gauge

teflon tube (Omega Engineering Inc., Stamford,

Connecticut) which was connected to a 26 gauge

needle having a length approximately equal to half of

the limb height so that it reaches the center of the

limb after its insertion into the muscle. The needle

was marked for injection so that the same length was

inside the limb tissue. The syringe was clamped on a

syringe pump (Genie Plus, Kent Scientific Inc.

Torrington, CT) that allows precise control of the

injection rate and amount. Based on our previous

experimental study [13], the ferrofluid was injected

at a rate of 10 ml/min. In this study, both limbs were

used to investigate the effect of the amount of

nanofluid on the temperature elevation. The right

and left limbs were infused by 0.2 and 0.1 cc,

respectively. The temperature measurements were

performed in both limbs.

Magnetic field

A radio-frequency generator (Hotshot 2,

Ameritherm Inc., Rochester, NY) was used to

induce an alternating current of 384 A at a frequency

of 184 kHz. The current passes through a custom-

made two-turn water-cooled coil of 20 cm in

diameter and 7 cm in height to generate a magnetic

field inside the coil. The rat was placed on a platform

inside the coil with the limb being extended from the

body and exposed to the surrounding air. Its position

was adjusted so that the injection site in the limb was

Figure 1. Schematic diagram of the rat, the AC generator, the coil, the temperature measuring path, the data acquisition
unit and the theoretical model of the rat limb using an inverse heat transfer analysis.

592 M. Salloum et al.
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located at the center of the coil where the magnetic

field strength reached its maximum value (3 kA/m).

The equipment is shown in Figure 2. Since the

magnetic field distribution was axi-symmetric inside

the coil and the limb was relatively small, the

variation of the magnetic field inside the whole

limb can be considered negligible. The electromag-

netic field within this coil is not uniform. According

to the heating mechanisms of nanoparticle hyperther-

mia, the induced energy generation rate is approxi-

mately proportional to H2. Therefore, heating

may not be adequate if the injection site is not

placed at the maximum location of the electromag-

netic field.

Temperature measurement

All temperatures were recorded using a LabView�

program running on a personal computer. The

temperatures monitored by fine thermocouples

(copper-constantan, 50 mm diameter) were recorded

every two seconds during the entire experiment.

In addition to the thermocouples that are used for

measuring the air temperature and limb skin

temperature, one copper constantan thermocouple

(50mm in diameter) was inserted into the center

of the limb muscle to monitor whether the

limb temperature field had established a steady

state. Once the changes in the voltage given

by this thermocouple were less than 0.02 mV

(or �0.05�C), it is assumed that the steady state

was established. The time for establishing a steady

state ranged from 10 to 15 minutes for all the

experiments. This steady state was maintained

during the experiment except some small fluctua-

tions that occurred due to the motion of the limb in

the coil as shown in Figure 3.

The temperature at the interface between the

limb and the rest of the rat body was also monitored

via a thermocouple. This temperature measurement

serves as a boundary condition for the inverse heat

transfer analysis described later in this section. The

temperature distribution in the limb was measured

by a thermocouple along the tissue path shown in

Figure 1. The thermocouple was marked every 1 mm

along a distance of 40 mm. A gauge 22 needle was

inserted in the muscle through the path all the way to

the other side of the limb. The thermocouple is then

introduced inside the needle from the bottom side

of the limb, until it reached the opposite side.

The needle was then withdrawn and removed from

the coil since the metal needle can be heated in the

presence of the magnetic field, and therefore may

interfere with the temperature elevations. After

a steady state was established, the temperature

measurements along the tissue path were performed

when one withdrew the thermocouple from its initial

position at an increment of 2 mm until it reached

the other end of the tissue path (see Figure 1).

The thermocouple stayed at each tissue location

for 20 seconds. This time duration is considered

much longer than the characteristic time for the

thermocouple to approach the same temperature as

the tissue. At each location, the magnetic field was

Figure 3. The temperature change recorded by the
thermocouple inserted in the middle of the limb. The
vertical arrow represents the time when the steady state was
established. After that, temperature measurements along
the tissue path were performed.

Figure 2. Experimental setup consists of an RF generator
and a coil. The rat was placed on a platform and its limb
was positioned so that the injection site was located at the
center of the magnetic field. The limb was surrounding by
ambient air during the experiment.
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turned off for 3 s and then turned on to estimate

thermal interaction between the thermocouple and

the magnetic field. If a self-heating of the thermo-

couple was observed (a sudden increase or decrease

in thermocouple voltage when the magnetic field is

on or off), the sudden increase or decrease in voltage

was subtracted from the thermocouple reading.

Blood flow measurement

After the temperature measurements were per-

formed, a small incision was made on the skin at

the medial region of the limb above the thigh. The

femoral artery and vein were then exposed and

isolated. The blood flow rate of the femoral artery

was measured by a T106/T206 Animal Research

Flowmeter (Transonic System Inc., Ithaca, NY).

Although the flowmeter can be inserted into tissue to

continuously monitor the blood flow rate of a blood

vessel [30], it cannot be used in this study due

to thermal interference with the magnetic field.

We assume that the measured blood flow rate

represents that of the femoral artery after the steady

state. The skin was then closed using tissue glue [31].

Experimental protocol

1. After the injection of 0.1 cc ferrofluid inside

the right limb of the rat and the insertions of the

thermocouples, the rat was placed inside the

magnetic coil. The rat was allowed to recover for

20 minutes while the magnetic field was off.

2. The magnetic field was turned on. The steady

state of the temperature field in the limb was

evaluated by the thermocouple inserted at the

center of the limb. After the steady state, the

thermocouple originally inserted via the 22 gauge

needle was withdrawn to measure the tempera-

ture distribution along the tissue path at an

increment of 2 mm.

3. The magnetic field was then turned off. The rat

was removed from the stage inside the coil. The

blood flow rate of the right femoral artery was

measured.

4. 0.2 cc of ferrofluid was injected into the left limb.

Steps 2–3 were repeated for the left limb.

At the end of the experiment, the rat was

euthanatized by an intraperitoneal injection of

pentobarbital sodium solution (150 mg/kg). Both

limbs were cut from the rat body and weighed for

further analyses.

Statistic analysis

The blood flow rates and temperatures at all

positions and other parameters during both trials

were analyzed and expressed as mean�SD.

Differences among the mean values of temperatures

or blood flow rates were determined by one-way

repeated measures ANOVA. The post hoc compar-

isons between the 0.1 cc and 0.2 cc injection were

performed by the student’s t-test. Significance was

evaluated at the 5% confidence level.

Inverse heat transfer analysis

After obtaining the temperature distribution inside

the limbs, an inverse heat transfer analysis was used

to determine the heat generation distribution

induced by the nanoparticles. The rat limb was

modeled as a cone as shown in Figure 1. The tissue

was assumed to be homogenous with a thermal

conductivity of 0.5 W/m�C, a density of 1000 kg/m3,

and a specific heat of 4180 J/kg�C [23]. The top

surface of the cone was assumed to be at a constant

temperature equal to that measured by the thermo-

couple inserted at the interface between the limb and

the rest of the rat body. All the other lateral surfaces

were assumed to exchange heat by convection with

the surrounding air (Tair). The lumped heat transfer

coefficient (h) accounting for both natural heat

convection and radiation was calculated to be

13 W/m2�C [32].

We used the Pennes bioheat equation [33] to solve

for the steady state temperature distribution of the

limb during nanoparticle hyperthermia. The Pennes

bioheat equation in spherical coordinate system is

given by:

k � r2T þ SARþ �b � cp, b � ! � Ta � Tð Þ ¼ 0 ð1Þ

where k is the tissue thermal conductivity and �b and

Cp,b are the blood density and specific heat,

respectively. A Gaussian distribution was proposed

for the heat generation distribution,

SAR ¼ Ae�r2=r2
0 ð2Þ

where r is the radial distance from the injection site,

rø is a parameter that determines how far the

nanoparticles spread from the injection site, and A

represents the maximum strength of the volumetric

heat generation rate (W/m3). In Equation 1, ! is the

local blood perfusion rate in the limb. In this study,

we assume that the blood perfusion was uniform in

the limb and was calculated using the following

equation,

!
1

s

� �
¼
�ðg=mlÞ �Qaðml=minÞ

60 � ðs=minÞ �mlðgÞ
ð3Þ

where � is the tissue density, Qa is the blood flow rate

of the femoral artery measured in ml/min, and ml is

the mass of the limb in grams. Both parameters

(ro and A) in the SAR expression were initially
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guessed based on our previous study [13].

The Pennes bioheat equation was then solved to

determine the steady state temperatures at the same

positions measured in our experimental study. The

least square objective function for estimating the

difference between the measured and calculated

temperatures T̂i and Ti (A, r0) is given by the

following expression,

LSQ A, r0ð Þ ¼
XN
i¼1

T̂i � Ti A, r0ð Þ

h i2
ð4Þ

where N is the number of measured temperature

locations along the tissue path. For each injection

amount, the measured temperatures from six rats

were averaged to obtain the distribution of the mean

value of the temperatures, its upper bound and its

lower bound. The Nelder-Mead simplex method

[34] was then used to minimize the objective

function. The computations were conducted using

FEMLAB� for finite element simulation of the

temperature field and MATLAB� software

(R2007b) for inverse problem analyses. The total

quadratic tetrahedral elements in the three-dimen-

sional limb are 8716. We have tested the sensitivity of

the mesh size by increasing the elements by 400%

and found that it resulted in less than 1% global

difference in the temperature field. The Nelder-

Mead simplex algorithm evaluates the objective

function at multiple sets of unknowns A and r0.

This numerical method updates the unknowns

automatically until convergence. The Nelder-Mead

simplex method gives local minima depending on the

initial guess. Given that the SAR is a positive entity,

we selected multiple values of A ranging from 1 to

2000 kW/m3. We also selected multiple values of r0

ranging from 0.5 mm to 1000 mm. We used the

combination of those values as the initial guess to the

Nelder-Mead minimization algorithm. Forty-two

initial guesses were selected and all the initial guesses

resulted in the same solution reported in the results

section.

Results

Table II gives the measured blood flow rates and

temperatures. The blood flow rate in the femoral

artery after the hyperthermia was 1.36� 0.18 ml/min

for the injection amount of 0.1 cc, which is equivalent

to an average blood perfusion rate in the rat limb of

7.16 ml/min/100 g. The blood perfusion rate

increased to 7.76 ml/min/100 g (or a flow rate of

1.52� 0.25 ml/min) in the limb when 0.2 cc was

injected. Figure 4 shows the measured maximum

tissue temperature and blood flow rate in the femoral

vessel and it further illustrates that a large blood

perfusion rate is associated with an increase in tissue

temperature. Our results imply that tissue hyperther-

mia has increased the local blood perfusion rate.

Temperature elevation profiles along the path are

shown in Figure 5A and 5B for the injection amount

of 0.1 cc and 0.2 cc, respectively. The maximum

temperature rise (zero position) above the body

core temperature occurs close to the injection site.

A negative temperature elevation close to the skin

surface implies that the skin is colder than the body

temperature. Doubling the injection amount

increases the temperature elevation by more than

70%, since the total amount of heat generated inside

the tissue is directly related to the total number of

nanoparticles in the solution. The induced maximum

temperature elevations are 3.5� 1.8�C and

6.02� 0.8�C, respectively. The temperature eleva-

tion with the 0.2 cc injection is significantly different

from that with 0.1 cc injection (p¼ 0.0065).

Therefore, an injection of at least 0.2 cc ferrofluid

Table II. A summary of the measured variables.

Nanofluid

amount

Qa

(ml/min) ml (g)

Blood

perfusion rate

(ml/min. 100 g)

! in Equations

1 and 3 (s�1) Trect (�C) Tair (�C)

0.1 cc (n¼ 5) 1.36� 0.18 17.6� 1.3 7.16 0.00119 35.2�0.3 29� 1

0.2 cc (n¼ 6) 1.52� 0.25 21.7� 3.6 7.76 0.00129 35.3�0.4 30� 1

Figure 4. The measured temperature elevations above
the core temperature as a function of the measured blood
flow rate of the femoral artery.
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would induce a temperature rise to more than 43�C,

which is a typical temperature threshold in

hyperthermia treatments. On the other hand, 0.1 cc

injection would not be sufficient to achieve tissue

necrosis.

In this study we also examine how the temperature

elevation distributes in the targeted tissue region.

We investigate the temperature distribution based on

the definition of a dimensionless temperature,

T � ¼
T � Tair

Trect � Tair

ð5Þ

where T is the temperatures along the tissue path,

Tair is the surrounding air temperature and Trect is

the recorded rectal temperature. The radial distribu-

tion of the dimensionless temperature in the tissue is

plotted in Figure 6A and 6B. A value larger than

unity implies that the measured temperature is higher

than the body temperature. The average value of the

dimensionless temperature has a maximum of 1.61

and 2.08 for the 0.1 cc and 0.2 cc injection,

respectively. The thermally affected region is

evaluated by the FWHM (full width of half max-

imum) of the temperature elevation. It is given by the

distance between points on the temperature curve at

which the temperature reaches half its maximum

value. In this study, the FWHM is 31.0� 0.4 mm,

which is equivalent to a spherical region of 31 mm in

diameter. It is found that different injection amounts

lead to a similar FWHM value.

For future theoretical analyses of temperature

elevation in tissue, it is convenient to have

a determined expression of the volumetric heat

generation rate induced by nanoparticles. The

measured temperatures at each radial location were

first averaged and represented by the error bars in

Figure 7A and 7B. Displayed in the same figure is the

theoretically predicted temperature distribution in

the limb. Through curve fitting the theoretically

predicted temperatures along the measuring path to

the experimental data (the average temperature

values), we obtained the adjustable parameters A

and r0 in Equation 2. It is a good curve fitting with an

R2 value larger than 0.75. The convergence of

the estimated parameters using the Nelder-Mead

simplex method can be seen in Figure 8A and 8B,

Figure 6. Non-dimensional temperature distribution
along the tissue path (T*) for different rats when (a)
0.1 cc and (b) 0.2 cc of ferrofluid were injected.

Figure 5. The measured distribution of the temperature
elevations above the core temperature along the tissue path
inside the limb when (a) 0.1 cc and (b) 0.2 cc of ferrofluid
were injected. Lines represent different rats.
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which illustrate the iterations and the convergence

of the objective function. The function tolerance

is set as 10–4. The optimization algorithm converges

after less than 100 iterations.

The values of the parameters A and r0 are listed in

Table III. As expected, the maximum volumetric

heat generation rate at the injection site (r¼ 0) with

the 0.2 cc nanofluid injection, A, is approximately

twice that with the 0.1 cc injection. Again, the

calculation can be interpreted as a result of doubling

the nanoparticles in the tissue region. On the other

hand, the r0 value is viewed as how the nanoparticles

are spreading in tissue during the injection. It seems

that the nanoparticles are more concentrated

surrounding the injection site with the 0.2 cc injec-

tion than the 0.1 cc injection. The obtained curve

fitting value of A is smaller than that obtained from

our agarose gel experiment [13]. It suggests that the

muscle tissue may be sparser than the agarose gel

used in the previous experiment and therefore, the

nanoparticles are less concentrated in the vicinity

of the injection site.

Discussion and conclusion

Although magnetic nanoparticle hyperthermia in

cancer treatment holds great potential, it is severely

limited by the fact that the anticipated heating

distribution is difficult to control, and it leads to

uneven and inadequate temperature elevation in

tumor tissue. Transport of particles in tissue involves

processes including extracellular transport of the

carrier solution, transport of particles in the carrier

solutions, and interaction between the particles

and cell surface. The extracellular transport of

nanoparticles in tumors is not well understood.

In our previous experimental study of particle

Figure 7. Averaged temperature measurements at various
tissue site (symbol with error bar) and curve fit (line) using
the inverse heat transfer analysis. (a) 0.1 cc and (b) 0.2 cc
ferrofluid.

Figure 8. The convergence curves of A, r0 and the least
square objection function obtained by the Nelder-Mead
Simplex method. A and r0 were normalized by the initial
guess of 50 kW/m3 and 3.5 mm respectively. (a) 0.1 cc and
(b) 0.2 cc ferrofluid.

Table III. The calculated values of A and r0 based on the
inverse heat transfer problem.

0.1 cc injection 0.2 cc injection

A (kW/m3) 65.10 169.18

r0 (mm) 12.8 7.8

R2 0.76 0.9
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distribution in agarose gel, it has been demonstrated

that a small injection rate of the nanofluid is crucial

in producing a spherically distributed nanoparticle

distribution [13]. Based on the previous results, in

this study we selected an injection rate of 10 ml/min.

The total injection time was 10 and 20 minutes

for 0.1 cc and 0.2 cc, respectively. Future clinical

study on human subjects should investigate whether

the time duration of the injection can be tolerated by

patients.

Although the nanoparticle distribution in animal

tissue is expected to be nearly spherical based on our

gel experiment, many uncertainties existed in the

in vivo animal study. The rat hind limb is not as

homogeneous as the gel. It is still unknown from the

current study whether local blood distribution played

any role in the nanofluid transport in the muscle

tissue. Although we did our best to select rats of

similar sizes, to inject the nanofluid at the same

muscle site, and to insert the thermocouple along the

same path, the measured temperatures along the

tissue path varied from one rat to another. A full

understanding of the SAR distribution requires

measuring the temperature distribution along multi-

ple directions including the one perpendicular to the

tissue path chosen in our experiment. Multiple

insertions of the needle in the muscle might lead to

the disturbance of the nanoparticles distribution in

the tissue and to the destruction of small blood

vessels and nerves. A non-invasive imaging technique

would be more appropriate to address the limitations

of the current study. After each experiment, the rat

limb was cut open. The observation suggested that

the variability of the nanofluid deposition in the

muscle tissue may be the reason behind the

temperature variations.

Unlike most of the previous studies that monitored

temperature at one location, our experiments mea-

sured the temperature elevations at multiple loca-

tions and investigated how the injection amount

affected the temperature distribution. The extraction

of a mathematical expression for the SAR from the

experimentally measured temperature distribution in

animal models is unique. Such expression is readily

applicable to theoretical simulation of the tempera-

ture distribution in tissue during magnetic nanopar-

ticle hyperthermia. Most of the previous studies

reported either an average value of the SAR or SAR

at one tissue location. The only study that measured

the distribution of the nanoparticles and the tem-

perature distribution along the tumor was by Wust

et al. [19] based on a relationship between iron mass

and CT density. Our SAR values evaluated by

inverse heat transfer analyses were estimated to vary

from 59 to 126 kW/m3 (or W/kg) when 0.1 or 0.2 cc

of the nanofluid was injected. These values fall in the

range of the findings reported by the previous studies

reviewed in the introduction.

Controlling the nanoparticle deposition in tissue as

spherical is important in better designing treatment

protocol for cancer patients. In heat transfer using

nanoparticle heating, even if the nanoparticles are

confined in the vicinity of the injecting site, heat can

still be transferred via tissue conduction which is less

likely affected by the high hydrostatic pressure in

tumor. Therefore, unlike drug delivery in cancer

treatment that requires overcoming the hydrostatic

pressure in tumor and achieving an elevated drug

concentration in the entire tumor region, multiple

injections of nanoparticle in tumors, especially

tumors of irregular shape, can induce a relatively

uniform temperature elevation if their locations are

designed appropriately. A major difference between

agarose gel and living tissue is the existence of the

blood perfusion and the heterogeneous nature of the

tissue. However, based on our previous experiment

on agarose gel and using a smaller injection rate, the

spherical shape of the particles distribution is still

feasible especially at small blood perfusion rates.

First, the injection rate we selected was relatively

small and it was based on our previous agarose gel

experiment. Secondly, the agarose gel has similar

hydraulic properties to tumors as discussed in our

previous experiments [13]. Since the tissue is

opaque, we cannot verify this without a high-

resolution imaging technique to accurately map the

spatial concentration. Using the measured tempera-

ture elevations to curve fit the Gaussian distribution

of the SAR, we have obtained a good agreement

between the theory and experimental data. The fact

that the curve is not perfectly fitting the experimental

data implies that the distribution of the nanoparticles

after injection may not be perfectly spherical. Future

experiments are needed to address the limitations of

this study.

Once the deposition is nearly spherical, it is

reasonable to propose a Gaussian distribution of

the heating pattern (SAR) surrounding the injection

site. Our results have shown a good agreement

between the fitted curve and experimental measure-

ments of the tissue temperature. The experimentally

obtained SAR expression can be used in future

theoretical simulation of the temperature elevation in

tumors with a wide range of local blood perfusion

rate. The value of r0 is found to be bigger when 0.2 cc

of nanofluid are injected. At the beginning of the

infusion, the distribution volume of the nanoparticles

inside the tissue usually increases linearly with the

infused volume. However, as we explained in our

recently published paper, the nanoparticles are

known to interact and adhere to the solid matrix of

the gel/tissue [13]. In other words, the nanoparticles

deposition on the solid cellular matrix of the tissue
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impedes the convection and diffusion mechanism by

increasing the tissue hydraulic resistance. Therefore,

additional nanoparticles injected later will deposit

and accumulate close to the injection site. This will

increase the concentration of nanoparticles in the

injection site, hence, result in a smaller r0 when more

nanofluid is injected in the tissue. This phenomenon

was observed by Prabhu et al. [35] studying drug

delivery to the brain. It was noticed that the slope of

the curve of the distribution volume as a function of

the infused volume increases first and then decreases

after a threshold of injection amount.

Although magnetite is biocompatible as discussed

previously, the amount of iron in living tissue may

be harmful to tissue. It was reported by Bacon et al.

[36] that an iron concentration above 4 mg/g of wet

liver tissue causes acute toxicity in liver. In magnetic

nanoparticle applications, this concentration is

usually found to be much higher than this thresh-

old. Hilger et al. [2] infused 21 mg of magnetite in

300 mm3 of tissue which is equivalent to 49 mg of

iron per gram of tissue. In a recent investigation of

magnetic nanoparticle hyperthermia on prostate

cancer, Wust et al. [19] used an iron concentration

that is estimated to range between 31 and 58.45 mg/g.

In our current study, the maximum value of the

iron concentration at the injection site is estimated

to be 5.9 and 11.8 mg/g when 0.1 and 0.2 cc of

nanofluid, respectively, are injected. However, it

was found by Johanssen et al. [24] that the uptake

of iron by the liver is about 9.74%. It was implied

from their study that a higher iron concentration

than the threshold can still be safe because of the

low uptake. More studies are needed to investigate

the uptake of iron by other tissues. In a situation

when a high iron concentration is harmful to

healthy tissue, the amount of 21 nanofluid should

be decreased to an acceptable level. Temperature

elevations in tissue can still be maintained by

increasing the magnetic field strength.

In clinical applications, the tissue temperatures

should reach a minimum temperature of 43�C [1,

37] in the tumor region. Clinical and animal studies

have proposed that the minimal heating duration

should be more than 2 hours when the temperatures

are 43�C to lead to tissue neocrosis. The RF

equipment used in our experiment would achieve a

temperature above 43�C with a 0.2 cc nanofluid

injection. Since the magnetic frequency and magni-

tude cannot be further increased in our experiment,

using a high concentration nanofluid may result in

higher temperature elevations in tissue. Another

method to increase the temperature is to inject

more nanofluid into the tissue. This was limited in

our experiment by the size of the rat limb. In

previous studies, a linear relationship between the

maximum temperature elevation and the amount of

nanofluid was reported by Hilger et al. [16] for a

given set of magnetic field parameters. Based on the

Arrhenius relation, the heating duration can be

halved when the temperature elevation is increased

by 1�C [25, 37]. Manipulating magnetic field

parameters, nanoparticle concentration, and/or

injecting amount would result in the target tempera-

ture elevations in the tumor tissue and therefore,

shortening the heating duration.

Further studies are necessary to study the effect of

the blood perfusion rate on the temperature field.

During hyperthermia a typical response of local

blood perfusion rate to heating is increase in

perfusion. The measured blood perfusion rates in

this study is almost double that under normal

conditions in a previous experimental study using

rat limbs of similar weights [38]. A limitation in our

study is that we could not monitor the blood flow

rate in the artery during the treatment due to the

possible interaction of the metallic probe and the

magnetic field. Therefore, it is unclear how the blood

perfusion rate changed during the heating duration.

On the other hand, the effect of the blood perfusion

rate on the 22 temperature field can be studied using

isolated rat limbs that are perfused by physiological

perfusate [31]. Using an isolated rat limb has the

advantages of precise control and measurement of

the perfusate flow rate through the femoral artery in

the rat limb. Thus, temperature fields in the rat limb

can be measured for a wide range of blood perfusion

rate controlled by a pump which pumps the perfusate

to the isolated limb. On the other hand, visualizing

the nanoparticles’ distribution is crucial in future

clinical applications. The previous study by Wust

et al. [19] used the CT density distribution to

compute the distribution of iron mass that is related

to the accumulation of nanoparticles in tissue. The

improvement in the resolution of the visualization

techniques will enhance the ability of accurately

determining the nanoparticle distribution and their

possible aggregation in opaque tissue. It may also be

used to monitor the transport of nanoparticles and

nanofluid in the porous tissue after injection, if the

temporal resolution of these techniques is high

enough to capture the transient changes. This is

especially important for drug delivery applications

using nanoparticles to study the efficacy of those

approaches.

In conclusion, our study demonstrated the

feasibility of the use of the rat limb as an

experimental model to study magnetic nanoparticle

hyperthermia. It suggests that using a more con-

centrated nanofluid and/or injecting more nanofluid

to the tissue would elevate the tissue temperature

way above 43�C. A larger amount of the nanofluid

results in more concentrated nanoparticles sur-

rounding the injection site and therefore, a higher
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temperature elevation in the tissue filed. The

proposed Gaussian distribution of the SAR resulted

in a good fit to the experimentally measured tissue

temperatures. The obtained expression is readily

applicable to future theoretical study to simulate

temperature distributions and to design an optimal

treatment protocol for tumor nanoparticle

hyperthermia. Histological analyses will be per-

formed in the future to evaluate thermal damage

to actual tumors and to obtain more information

about the nanoparticles distribution.
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