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Numerical Study of Thermally
Targeted Liposomal Drug
Delivery in Tumor
The efficacy of cancer chemotherapy can be greatly enhanced by thermally targeted
nanoparticle liposome drug delivery system. A new theoretical model coupling heat and
mass transfer has been developed to study the spatial and transient drug distributions. In
this model, the influence of tumor cell apoptosis and necrosis in drug transport is also
considered, in addition to the tumor microvasculature permeability to nanoliposomes.
The model predictions agree well with our previous experimental results, and it has been
used to simulate the nanoparticle drug distribution in the tumor under hyperthermic
conditions. Results show that hyperthermia alone only enhances drug accumulation in
the periphery of a tumor with 1 cm in radius, and the tumor cells in the central region are
hardly damaged due to poor drug diffusion. Apoptosis or necrosis of the tumor cells
could significantly influence the drug penetration and should be accounted for in drug
diffusion modeling to accurately predict the therapeutic effect. Simulation study on the
combined radio frequency ablation and liposomal doxorubicin delivery shows more ef-
fective treatment outcome, especially for larger tumors. The present model can be used to
predict the treatment outcome and optimize the clinical protocol.
�DOI: 10.1115/1.3072952�

Keywords: thermally targeted drug delivery, hyperthermia, nanoparticle liposomes, RF
ablation
Introduction
Improvement of the therapeutic efficacy while minimizing the

ide effects of antitumor drug on normal healthy tissues has been
long struggling goal of many researchers. Encapsulating drug
ith liposomes of certain sizes is proven to prolong the drug

irculation time, reduce the drug accumulation in normal tissues,
nd thus, enhance the targeted drug delivery to the tumor �1,2�.
his is in part attributed to the incomplete and leaky wall of the
essels in a tumor. The optimal liposome size is found to be be-
ween 90 nm and 200 nm in diameter, as both the circulation time
nd accumulation in the tumor are considered �3,4�.

To further increase the antitumor drug delivery efficiency, mild
eating �i.e., hyperthermia� is used locally. Study of the thermally
argeted liposomal drug delivery has been reported to enhance
ntitumor efficacy �5,6�. During hyperthermia, the local blood per-
usion and the permeability of the tumor vasculature to macromol-
cules are significantly increased, resulting in massive extravasa-
ion of nanoparticle liposomal drug �7–10�. Moreover, thermally
ensitive liposomes can also be used to release drug at the locally
levated temperature for better therapeutic index �11,12�. The final
utcome of the chemotherapeutic treatment depends on an ad-
quate drug distribution throughout the tumor. Survival of some
umor cells might lead to tumor recurrence or metastasis. How-
ver, it is very difficult to observe the local drug concentration in
ivo even with the most advanced imaging techniques. Thus,
odeling and numerical simulations of the drug delivery process

ecome necessary and useful.
Several models have been developed to describe the drug de-

ivery process for different applications �13–15�. Ward et al. stud-
ed the drug transport and tumor growth at the same time using a
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mathematical model to describe small molecules drug and nutri-
tion transported from the tumor edge to the center through diffu-
sion only �no advection through vascular network taken into ac-
count�. Considering the characteristics of breast cancer, Lankelma
et al. �16,17� studied the doxorubicin activity in islets of breast
cancer by assuming drug transport through both transcellular �the
cellular network� and paracellular �the intercellular interstitium�
pathways. Magni et al. �18� built a mathematical model to de-
scribe the cancer growth dynamics in response to anticancer
agents in xenograft. In this model, the tumor cell growth, division,
and death are all considered, and the change of tumor in response
to chemotherapy is assumed to be determined by the balance be-
tween the cell proliferation and death. El-Kareh and Secomb
�19–21� presented models accounting for the cellular pharmaco-
dynamics of drug, and numerically studied the intraperitoneal de-
livery of cisplatin in tumor and investigated the influence of hy-
perthermia on the drug penetration distance.

Unlike small molecule drug transport, the delivery process of
liposomal drug is much more complex. The liposome encapsu-
lated drug selectively extravasates into the tumor region from
blood vessels �22�. Hyperthermia has been found to remarkably
improve the extravasation of liposome nanoparticles �4,12�. As the
liposome breaks, the antitumor drug releases and diffuses through-
out the tumor region. Without taking the spatial nonuniformity of
the tumor into consideration, El-Kareh and Secomb �23� devel-
oped a model to compare the different delivery methods of bolus
injection, continuous infusion, and liposomal delivery of doxoru-
bicin. The model has been used to study the liposome leakage
from the tumor vasculature, the breakage of liposomes, and the
cellular uptake of free drug simultaneously, but the diffusion ef-
fect is neglected. In fact, the heterogeneous distribution of tumor
vessels causes nonuniform extravasation of liposomal drugs,
which could in turn significantly affect the drug concentration
gradient �24�. The effect of tumor cell necrosis and apoptosis in-
duced by the antitumor drugs �25� should also be considered in

modeling. Furthermore, as local heating is imposed on the tumor,
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issue temperature distributions are normally not uniform, and the
rug delivery is coupled with heat and mass transfer.

To precisely study the liposomal delivery and free drug distri-
ution inside the tumor during hyperthermia, the coupled heat and
ass transport process has been investigated and modeled based

n our previous experimental results. In this model, the heteroge-
eous tumor morphology, vascular permeability to liposome nano-
articles, and the drug gradients are all considered. The treatment
fficacy is quantified and compared with the experimental results.
nfluences of some key parameters, such as the liposome rupture
ate, the apoptosis induced diffusivity change on drug penetration,
re studied. The model is further used to investigate the radio
requency �RF� ablation combined liposome drug treatment for
arger tumors by coupling heat and mass transfer.

Experimental Study of Nanoparticle Liposome Ex-
ravasation In Vivo

In our previous experimental study, the extravastion of lipo-
omes in the 4T1 tumor of nude mice has been quantified, and the
icrovascular sensitivity to hyperthermia studied �8�. Tumor is

mplanted into the skin tissue within the window chamber on the
orsal flap of the nude mouse. After 10 days of growth, the tumor
ecomes 1–2 mm in diameter and 150 �m thick. Densely distrib-
ted and incomplete angiogenesis is found in the tumor peripheral
egion, while there are only few vessels in a more ordered branch-
ng pattern in the tumor central region through histological study.
he vasculature in the tumor peripheral region is found to be
uch more sensitive to hyperthermia than that in the center. Sta-

ilized long-circulating polyethyleneglycol �PEG� liposome is
repared by the lipid film hydration and extrusion method. Lipo-
ome with a narrow size distribution �average of 90–120 nm� has
een used. A 200 ul suspension of the liposomal doxorubicin �en-
apsulated Dox of concentration 0.1 mg/ml� is injected into the
ail vein of the anesthetized mouse �average weight of 20 g�. The
umor is heated to 42°C using a water bath mounted to the win-
ow chamber for 1 h, and the temperatures are monitored using
hermocouples. The extravasation of liposomes are observed and
maged by confocal microscopy shown in Fig. 1. The fluorescence
ntensity indicating the liposome concentration in the tumor inter-
titial is quantified three-dimensionally and results are compared
ith those without heating �when the mouse body temperature at

ig. 1 Vasculature fluorescent images in the tumor center and
eriphery before and after thermal treatments. Bar: 200 �m. „a…
nd „b…: before treatment and „c… and „d…: heated at 42°C for 1
†8‡.
4°C�, as shown in Fig. 2.

43209-2 / Vol. 131, APRIL 2009

 https://heattransfer.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use:
As seen in Fig. 2, hyperthermia has caused a large increase in
liposomal Dox extravasation in the peripheral region, while only a
small increase is found in the tumor center as compared with
those at the body temperature. Different thermal sensitivities of
the newly formed and incomplete vessels in the tumor periphery
and the relatively mature vascular network could have contributed
to the heterogeneous extravasation of the nanoparticle liposomal
drug.

3 Model Development
As previously observed in our experimental studies �8�, few

vessels exist in the central region of the tumor, while abundant
vessels are found in the peripheral region. For modeling purposes,
a tumor with radius of R can be divided into two parts: the central
region within r�Rc without any vessels and the peripheral region
of Rc�r�R with microvasculature evenly distributed, as illus-
trated in Fig. 3. The surrounding normal tissue is assumed to be
infinite.

The liposomal doxorubicin is injected through the rat tail vein,
and transports in the vasculature before reaching the tumor. Due
to the elimination effect, the liposome concentration in plasma
decreases exponentially with time and can be expressed as �23�

CL,V =
M

Mg
�A1e−k1t + A2e−k2t� �1�

where M is the drug dose �mg /m2 or ug /g�, Mg is the dose
�mg /m2 or ug /g� used to fit the experimental data and to obtain
the plasma pharmacokinetic parameters for the liposome: A1, A2,
k1, and k2 �2,23�. Here, the concentration of liposomal drug is
assumed to scale linearly to the dose M. The first term in the

Fig. 2 HT-induced extravasation of 100 nm liposome nanopar-
ticles at 42°C or 34°C for 1 h in different tumor regions. The
largest HT enhancement of extravasation was seen at tumor
periphery. Values are mean and standard error „SE… „n=11 for
each group… †8‡.

Fig. 3 Schematics of the tumor, I: central region of the tumor,
II: peripheral region of the tumor, and III: surrounding normal

tissue
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rackets on the right hand side of the equation represents an initial
apid distribution phase of drug, where a minor fraction of the
njected dose �A1� is cleared through circulation with the kinetic
arameter k1. The second term is an extended distribution phase,
here the rest of the dose �A2� is cleared with the parameter k2.
revious experimental research has found different values of phar-
acokinetic parameters �k1 ,k2� in mouse and in human �26�,
hich are listed in Table 1.
The liposomal drug in blood transports across the leaky wall of

essels and into the tumor interstitial through both diffusion and
onvection �38,39�. The apparent permeability PL,app of the vas-
ulature is normally used to quantify the transvascular transport
40�. According to the definition, transvascular mass transfer of
iposomal drug is proportional to the apparent vascular permeabil-
ty, the concentration difference across the vessel wall, and the
essel surface area. A source term is used to describe the vascular
eakage in the tumor peripheral region �Rc�r�R�. In reference to
he greatly enhanced extravasation of liposome previously found
uring hyperthermia �12�, an increase of 76-fold in PL,app from its
riginal value at 37°C is assumed. After the extravasation, lipo-
omal drug transports in the interstitial space in both directions
oward the central region and the surrounding normal tissue, re-
pectively, owing to the concentration gradient �diffusion� and the
otion of interstitial fluid �convection�. For macromolecules like

iposome, the magnitude of diffusion is comparable to the convec-
ion, and both should be considered. As it is hard to separate the
iffusion and convection, an apparent diffusivity, DL,app, is used to
escribe the interstitial transport process. In the mean time, the
iposome ruptures and releases free antitumor drugs. This process

Table 1 Parameters used in modeling

arameters Value

t 0.51 W /m K �27�
�c�t, ��c�b 4180 J /m3 K �28�
met 30,000 W /m3 for tumor �28�

450 W /m3 for normal breast �29�
b 37°C

b_37 0 ml/s/ml in tumor central region
0.009 ml/s/ml in tumor periphery �30�
0.00018 ml/s/ml in normal tissue �30�

ouse Mg 6 �g /g �31�
A1 0
A2 90 �g /ml �31�
k1 0
k2 0.00033 min−1 �31�

uman Mg 50 mg /m2 �23�
A1 6.9 �g /ml �23�
A2 12.2 �g /ml �23�
k1 0.00502 min−1 �23�
k2 0.00025 min−1 �23�

L,app 2.4�10−9 cm2 /s �32�
L_37 2.0�10−8 cm /s �33�
t 200 cm−1 in tumor periphery �23�

0 cm−1 in other regions

D,0 6.7�10−7 cm2 /s �34�
e0 0.12 in central tumor �8�

0.23 in tumor periphery �8�
0.3 in normal tissue �35�

r 24 h �23�
max 2.8 �g /ml /min �23�
i 13.7 �g /ml �23�
e 0.219 �g /ml �23�
d 8.53�10−8 ml /�g /s �36�
1 743�108 �37�

0.000529 mm−1 �37�
s assumed to follow the first-order kinetics with the decaying
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time constant �r �23�. Thus, the concentration of the liposomal
drug in the interstitial of the peripheral region can be determined
by

�CL,E

�t
= DL,app · �2CL,E + PL,app · At�CL,V − CL,E� − CL,E/�r �2�

where CL,E is the drug concentration in liposome form in the
extracellular space �milligrams per milliliter of total tumor vol-
ume�; the first term on the right hand side of the equation repre-
sents apparent diffusion of liposomal drug in tumor tissue, the
second term the penetrative transport across the vessel wall, and
the third term the rupture of liposome. At is the effective surface
area of the vasculature per unit tumor volume.

Released from liposome, the antitumor drug �i.e., doxorubicin�
transports in the interstitial space and is up-taken by the cells. For
small molecules, such as doxorubicin, diffusion is dominant while
convection is relatively smaller �41�. Moreover, high interstitial
pressure in the tumor interior impedes convective transport of the
drug. Therefore, convection is negligible for free doxorubicin
transport. By considering tumor tissue as a porous material, the
effective diffusivity of free drug DD can be determined from the
drug diffusivity in the interstitial fluid DD,0 and the interstitial
volume fraction �e �42�

DD =
2�e

3 − �e
DD,0 �3�

As more and more tumor cells undergo necrosis or apoptosis
during or post-treatment, the interstitial volume fraction �e in-
creases �43� and is assumed to change linearly with tumor cell
survival rate S

�e = 1 − �1 − �e0� � S �4�

where �e0 is the initial volume fraction of interstitial space before
drug treatment. Through the histological study, different values of
�e0 have been found in different regions of the tumor. S is the
survival rate of the tumor cells.

Thus, the transport of free drug released from liposome can be
expressed as

�CD,E

�t
= DD · �2CD,E +

CL,E

�r
−

�CD,I

�t
�1 − �e� �5�

where CD,E is the free drug concentration in the extracellular
space �milligrams per milliliter of total tumor volume�; the first
term on the right hand side represents free drug diffusion in tissue,
the second term the drug released from liposome, and the third the
cellular uptake of drug by the tumor cells, where CD,I is the intra-
cellular bound drug concentration.

The drug is believed to transport passively across the cell mem-
brane, and the cellular uptake is the carrier-mediated transport,
which can be expressed as �23�

�CD,I

�t
= vmax� CD,E

CD,E + ke
−

CD,I

CD,I + ki
� �6�

where CD,I is the intracellular bound drug concentration �milli-
grams per milliliter of intracellular volume�. vmax is the maximal
cellular uptake rate, and ki and ke are pharmacodynamics param-
eters.

Tumor is treated with both heating and drug. Since in vitro
experimental studies have showed no significant tumor cell death
under the hyperthermic condition at 42°C alone, cell killing is
assumed mainly due to the drug effect, S=Sd. According to the
drug killing mechanism, the cell survival rate decreases exponen-
tially with the area under the drug concentration curve, the time

integral of CD,I �AUC�. Thus, Sd is expressed as �36�

APRIL 2009, Vol. 131 / 043209-3
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Sd = exp�− kd ��
0

t

CD,Idt� �7�

here kd is the pharmacodynamical parameter.
The corresponding boundary and initial conditions are listed as

ollows.

�1� For infinity,

CL,E�r=� = 0, CD,E�r=� = 0, CD,I�r=� = 0 �8�

�2� For tumor center,

	 �CL,E

�r
	

r=0

= 0, 	CD,E

�r
	

r=0

= 0 �9�

�3� For initial,

CL,E�t=0 = 0, CD,E�t=0 = 0, CD,I�t=0 = 0 �10�

Simulation Results and Discussion
The outcome of the animals treated by the thermally targeted

anoliposome drug delivery has been followed up and reported in
ef. �44�. The histological analysis finds no significant changes in

he tumor cells in both the central and peripheral regions right
fter the heating. But 3 days later, many cells died in the periph-
ral region, while only a few dead cells were found in the central
egion. On the sixth day after drug administration, significant tu-
or cell death is found in both regions. The model developed

bove is first used to simulate the experimental results. According
o the experiments, the tumor is about 1 mm in radius, and the
adius of avascular central tumor is about 0.6 mm. With the pa-
ameters given in Table 1, Eqs. �1�–�7�, the mass transfer of both
iposomal and free drugs is numerically solved using

ATLAB. Equations �1� and �2� are first solved to obtain CL,E, and
he results are substituted into Eq. �5�. Equations �3�–�7� are
olved simultaneously for CD,E, CD,i, and S. The spatial and tem-
oral concentrations of both liposome and free drugs and the sur-
ival rate of the tumor cells are shown in Fig. 4.

As seen in Fig. 4�a�, there is a great deal of liposomal drugs

Fig. 4 Simulation results of drug concentration a
drug delivery aided by hyperthermia at 42°C, w
region „0.6–1.0 mm…, and the surrounding norma
hat accumulated in the peripheral region �0.6�r�1.0 mm� right

43209-4 / Vol. 131, APRIL 2009
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after the heating. It decreases with time owing to its breakage and
diffusion into the central region and the surrounding normal tis-
sue. While in the central region �0�r�0.6 mm�, the liposomal
drug first increases, as the diffusion rate is faster than the rupture
rate. But as more and more liposomes break and diffuse, and less
come in from blood circulation, its concentration deceases again.
The highest concentration in the central region appears 31.5 h
after the treatment. The concentrations of free drug released from
liposomes in both the peripheral and central regions first increase
with time and then decrease �Fig. 4�b��. The highest concentration
occurs after 42 h in the peripheral region and 70.5 h in the central
region. The concentration of the intracellular bound drug changes
synchronously with that of the extracellular free drug because of
the relatively fast uptake process as compared with drug diffusion
�Fig. 4�c��.

Numerical results shown in Fig. 4�d� indicate that right after the
treatment, all the cells are alive. One day later, the drug effect on
the tumor cells in the peripheral region appears, and the averaged
survival rate decreases to 0.65 in this region. While very little
doxorubicin has reached the central region, the average survival
rate of the tumor cells is 0.94. On the third day, the survival rate of
the tumor cells in the periphery gets even smaller with an average
value of 0.10. An obvious decrease in the survival rate in the
central tumor also occurs, and the average is 0.30. In 6 days, the
survival rate in both regions further decreases, and the average
becomes 0.01 and 0.04, respectively, indicating significant cell
death. These predictions are in good agreement with the experi-
mental findings reported in Ref. �44�.

Furthermore, the model can also be used to predict the treat-
ment effect of a relatively larger tumor �i.e., 	1 cm in radius�, in
which it is more difficult for drug transport to the center. The
model presented above has been used to predict drug distribution
and the corresponding cell survival rate. With the administered
dose �M� of 50 mg /m2, the drug transport processes in a tumor 1
cm in radius without and with hyperthermia have been simulated,
and the results are shown in Figs. 5 and 6, respectively.

As seen in Fig. 5, liposomal and free drugs mainly accumulate

cell survival rate in the tumor after 1 h liposomal
e: the central region „0–0.6 mm…, the peripheral
sue „1.0–2.0 mm…
nd
her
l tis
in the tumor periphery �6–10 mm�. Little drug diffuses into the
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enter even in 6 days after the treatment, thus barely any cells die
n the region. Even in the peripheral region, the cell death is
nsufficient due to the tumor size.

The transport process of liposomal drug after 1 h delivery with
yperthermia at 42°C is simulated, and the corresponding results
re shown in Fig. 6. In comparison, the overall trend is quite
imilar except for the magnitude of the drug concentration and the
ell survival rate. The locally imposed hyperthermia has greatly
nhanced the accumulation of both the liposomal and free drugs in
he peripheral region and resulted in a more serious damage in this
egion. In 6 days after the treatment, the averaged AUC of the

Fig. 5 Simulation results of drug concentratio
hyperthermia, where: the central region „0–6 mm…

ing normal tissue „10–20 mm…

Fig. 6 Simulation results of drug concentrations
thermia, where: the central region „0–6 mm…, the

normal tissue „10–20 mm…

ournal of Heat Transfer
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liposomal drug under hyperthermia is about four times of that
without hyperthermia, and the survival rate of the tumor cells in
the peripheral region is almost 0. However, owing to the imper-
meability of the tumor mature vessels in the central region and the
difficulty of liposomal drug diffusion, as predicted using the
model, the drug effect in the tumor center is very limited even
with local hyperthermia �31,35�.

Encapsulating antitumor drug in liposomes delays the drug re-
lease and thus reduces the clearance rate of the drug in vivo. There
have been a lot of efforts spent on improving the pharmacokinet-
ics performance of liposomal drugs. Long circulation and ther-

and cell survival rate in a 1 cm tumor without
e peripheral region „6–10 mm…, and the surround-

d cell survival rate in a 1 cm tumor with hyper-
ripheral region „6–10 mm…, and the surrounding
ns
, th
an
pe
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osensitive liposome have been developed. The speed of liposo-
al drug release also influences the treatment. To evaluate the

iposome rupture influence, �r of 12 h and 36 h are used in the
imulation. The numerical results of the average cell survival rate
n the peripheral and central regions of tumor are shown in Fig. 7.
t is noted that smaller value of �r results in better treatment effi-
acy in both regions. These predictions are in accordance with the
xperimental findings reported in Ref. �12� where temperature-
ensitive liposomal drugs are proven to be more effective.

Different from other models �15,16,18�, the present model ac-
ounts for the drug induced cell apoptosis or necrosis effect on the
rug penetration using a cell survival rate dependent diffusion rate
n Eqs. �3� and �4�. Figure 8 illustrates the survival rate in the
umor center when the cell necrosis induced diffusivity change
CNIDC� is or is not taken into consideration. Significant differ-
nce can be found. As more cells die, the tissue porosity increases
nd thus the diffusivity. More drugs reach the rest of the tumor
ells resulting in more cell death. The results indicate that the
nfluence of the apoptosis or necrosis is an important parameter
etermining the accuracy of the prediction.

The above study has shown that the thermally targeted drug
elivery enhanced the treatment effect of tumor. But, it is still
ifficult for the drug to diffuse to the central region in a relatively
arger tumor and achieve the desired therapeutic effect. This find-
ng is consistent with that reported from previous clinical studies
9,45�. For a complete ablation of large tumors, its central region
eeds to be treated by other modalities combined, i.e., high tem-
erature or low temperature approaches �46�.

Study of the Combined RF Ablation With Liposome
rug Treatment of Tumor
Previous clinical studies have shown that the combined RF ab-

ation and liposomal doxorubicin treatment can be used to en-

Fig. 7 The effect of liposome rupture time �r on
vival rate in the central region of the tumor and
the tumor

ig. 8 The effect of cell necrosis induced diffusivity change
n tumor therapy: „1… with cell necrosis induced diffusivity
hange considered; „2… without consideration of cell necrosis

nduced diffusivity change

43209-6 / Vol. 131, APRIL 2009
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hance the delivery of liposomal drugs and to maximize the tumor
destruction �46�. To optimize the combined treatment, both the
temperature and drug induced cell necrosis need to be considered,
thus the coupled temperature and drug distributions after the treat-
ment are of a great importance. The present model is used to
simulate the combined RF ablation and liposomal doxorubicin
delivery for a tumor 1 cm in diameter. The RF probe, guided by
the imaging system, is inserted into the center of the tumor right
after intravenous delivery of the liposomal drugs. During the RF
treatment, the temperature distribution inside the tumor is ana-
lyzed using the Pennes bioheat transfer equation, in which the RF
volumetric heating is treated as the source �47�

��c�t

�Tt

�t
= kt�

2Tt + 
b��c�b�Tb − Tt� + qSAR + qmet �11�

where Tt is the tissue temperature. kt is the thermal conductivity, �
is the density, c thermal capacity, subscript t refers to tissue and b
to blood, wb is the blood perfusion rate, Tb is the blood tempera-
ture, and qSAR and qmet are the specific absorption rates of the RF
heating and the metabolic heat, respectively. kt, �, and c are as-
sumed to be the same in all the regions, while different wb and
qmet values are used, as shown in Table 1. Sensitivity of the blood
perfusion rate to temperature is considered. From previous experi-
ments, it has been found that blood flow increases to about two-
fold of wb_37 �wb at 37°C� at 42°C �30� and fourfold of wb_37 at
44°C �30�. It stops at temperatures either lower than 8°C �48� or
higher than 46°C �30�. The blood perfusion wb is assumed to
change linearly between these temperature points. By considering
the RF probe as a finite line source, the specific absorption rate of
RF in tissue, qSAR, can be expressed as �37�

qSAR = C1p
�2�r + n − 2�e−2�r

rn e−z2/zc
2

�12a�

where z and zc are the axial distance and the decay distance,
respectively, p is the RF power, C1 is the scaling constant, � is the
attenuation constant, n is an exponential constant, and r is the
radial distance from the center. Referring to the experimental mea-
surements reported in Ref. �49�, the specific adsorption rate of the
RF heating is simplified as

qSAR = 
C1p
�0.001058r + 1�e−0.001058r

r3 − z0 � x � z0

0 else
�

�12b�

where z0 is the active length of the RF probe; it varies with tumor
dimensions. The probe diameter is 3 mm. Values of the param-
eters used are shown in Table 1. To overcome local overheating,
the RF probes with internal cooling are normally used �49,50�. In

ug delivery and tumor therapy: „a… average sur-
average survival rate in the peripheral region of
dr
„b…
this study, the convective condition between the probe wall and
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he flow inside the probe is adopted from Ref. �49�, in which low
emperature nitrogen is used. The boundary condition for tissue
ontacting the probe surface is

kt

�Tt

�r
= hg�Tt − Ti� at r = r0,z 	 − z0 �13�

here Ti is the inner-flow temperature, hg is the internal convec-
ion coefficient of the flow, and r0 is the probe radius.

The apparent vascular permeability, PL,app, is assumed to
hange linearly with temperature from the initial value PL_37 at
7°C to 76-fold PL_37 at 42°C �12�, and kept until 44°C, when
he blood flow starts to drop �51� and decreases linearly to zero at
6°C. During the heating period, the tumor cells are killed
hrough heating, as the drugs are mainly enclosed in liposomes
nd have not taken into effect. Heating induced survival rate of
he tumor cells Sh is

Sh = e−kh�0
t R�43−T�d� �14�

here kh and R are constants. After heating, the tumor cells that
urvived are subsequently killed by antitumor drugs. Thus, the
otal survival rate of cells, S, is expressed as

S = Sh � Sd �15�
The partial differential equations �PDEs� governing the un-

nowns are essentially nonlinear, especially for the RF ablation
ombined drug delivery process when the apparent permeability,
L,app, and S are also temperature dependent. The distribution of

emperature and drug concentration in the tumor and surrounding
ormal tissue in different time intervals are then numerically ob-
ained using FLUENT.

Temperatures at different distances from the RF probe in the
umor after 30 min of heating are shown in Fig. 9. It can be seen
hat tissue temperatures in the central region �0.25 mm�r

2.5 mm� are all above 45°C, and can reach as high as 78°C
ear the probe in the center, while in the peripheral region
2.5 mm�r�5 mm� tissue temperatures are between 37°C and
5°C. It is hard to further increase the tissue temperature due to a
apid decay in the RF heating and the much higher local blood
erfusion in the periphery.

Distributions of liposomal drug, extracellular free drug, and the
urvival rate of the tumor cells in different days after the com-
ined RF ablation and liposome drug treatment are shown in Figs.
0�a�–10�c�. Obviously, the liposomal drug mainly concentrates
n the peripheral region. Much less liposomal drug extravasates in

ig. 9 Temperature distribution in the tumor after 30 min of
he RF heating at 10 W; radius represents the distance mea-
ured from the RF probe
he central region or in the surrounding normal tissue because of

ournal of Heat Transfer
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the absence of blood vessels in the tumor center and the low
permeability of the vessel wall in normal tissue. The concentration
of liposomal drug in the periphery decreases with time due to the
decay of liposome concentration in blood and the rupture of lipo-
somes. In 7 days after the treatment, the interstitial liposomal drug
concentration decreases to 1.0 �g /ml, and most liposomes rup-
ture. As seen in Fig. 10�b�, the concentration of the extracellular
free drug first increases in the peripheral region, and then de-
creases as diffusion into the central region. While in the central
region, as most of the cells have been killed by the RF heating,
only drug diffusion takes place and also decreases later when the
source decreases. The cell survival rates with respect to time are
shown in Fig. 10�c�. Most of the tumor cells have been killed right
after the RF ablation, while those in the peripheral region are
gradually killed by the liposomal drug. The simulation results
show that the combined RF ablation and liposomal drug treatment
of the tumor could achieve much better treatment effect by over-
coming the disadvantages of either one alone, especially for a
sizable tumor. The major concern of the RF ablation alone is the
increased blood perfusion in the tumor peripheral region during
heating, which might result in incomplete killing and increase
certain risks of the incidence of tumor metastasis �52,53�. The
thermally enhanced extravasation of the nanoliposome drugs
could ensure sufficient killing of the surviving tumor cells and
vasculature in the peripheral region.

For larger tumors, the heating power of the RF can be in-
creased, and local overheating be prevented by adjusting the flow
rate of low temperature nitrogen inside the RF probe. Figure 11
illustrates the extravasation of the liposome drug right after the RF
heating of a 3 cm diameter tumor and the survival rate of the
tumor cells in 7 days after the combined treatment with different
heating powers. Obviously, for the heating powers studied, the
higher the power, the more liposome drugs extravasated in the
peripheral region, and the more tumor cells that die. In the outer
central region of tumor, there is a peak on the curve of the tumor
cell survival rate shown in Fig. 11�b� for powers that are relatively
low. In this region, the temperature increase is not high enough,
and the drug fails to have a fatal effect. When the power is in-
creased to 60 W, the highest temperature inside the tumor reaches
about 87°C; most of the tumor cells in the central region could be
completely killed, but not in the peripheral region, where the cells
are mainly killed by the drug. By decreasing the half-life time of
the liposome drug �r, the survival rate of the tumor cells in this
region is significantly decreased, indicating a great potential of the
thermally sensitive liposome drug.

The total volume of the tumor cells �3 cm diameter�, with the
survival rate lower than 0.1%, after the RF ablation alone is com-
pared with that of the combined treatment, as shown in Fig. 12.
The treatment region is clearly enlarged through the latter, which
accords well with the experimental findings reported in Ref. �46�.
On the other hand, it is worthy noting that for the combined treat-
ment, besides the RF heating power and the half-life time of the
liposome drug, as studied in this paper, the timing of the liposome
drug delivery in relation to the RF ablation is another important
factor that would affect the final therapeutic outcome �46�.

6 Conclusion
A new mathematical model has been developed to study the

thermally targeted drug delivery process in tumor. Both the drug
distribution and the treatment efficacy under different treatment
protocols have been numerically simulated. The influence of sev-
eral key parameters on drug delivery and therapeutic efficiency
are discussed.

Local hyperthermia enhances the accumulation of liposomal
drugs in the tumor region by increasing tumor vessel permeability
PL,app and blood perfusion. Numerical results show higher AUC
of liposomal drugs in tumor tissue under the hyperthermic condi-
tion. Compared with liposomes, the diffusion of free drug contrib-

utes more to drug transport in tumor tissue, since the diffusivity of
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ree drugs, DD, is much bigger than the apparent diffusivity of
iposome, DL,app. Furthermore, the drug induced cell apoptosis or
ecrosis improves the diffusivity of free drug so as to improve

Fig. 10 Simulation results of drug concentrations and cell
RF ablation with the liposome drug treatment, where: the ce
the normal tissue „5–10 mm…. Heating power is 10 W.

Fig. 11 Simulation results of drug concentrations and cell s
the RF heating. „a… Concentration of the liposome drug in tu
days after the combined treatments for different powers of

where: the central region „0–7.5 mm…, the peripheral region „7.5
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drug transport in tissue. Such an effect is significant and should be
considered for an accurate prediction of the therapeutic effect.

For tumors larger than 1 cm, hyperthermia can only help accu-

vival rate distribution in a 1 cm tumor under the combined
al region „0–2.5 mm…, the peripheral region „2.5–5 mm…, and

ival rates in a 3 cm diameter tumor under various powers of
r right after the RF heating, „b… tumor cell survival rates in 7

RF heating and different half-life times of liposome drug,
sur
ntr
urv
mo
the
–15 mm…, and the normal tissue „15–30 mm….
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ulate more antitumor drug in the peripheral region. Insufficient
rug in the central region can be overcome through combined RF
blation in the tumor center. But, to reach the complete destruc-
ion of the tumor, a detailed treatment planning is needed, espe-
ially for tumors with irregular shapes. The present model can be
urther used to simulate the transport of other nanoparticles or
uantum dots in tissue.
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omenclature
C � concentration of the drug
M � drug dose

t � time
D � diffusion coefficient

PL,app � apparent permeability of the vasculature
A � surface area
S � survival rate
T � temperature
k � thermal conductivity
c � thermal capacity

qSAR � specific absorption rate of the RF heating
qmet � metabolic heat

h � convection coefficient
z � axial distance

zc � axial decay distance
p � RF power

reek Symbols
� � density
� � volume fraction of interstitial space

 � blood perfusion rate

vmax � the maximum cellular uptake rate

ubscripts
L � liposome
D � free antitumor drug

Fig. 12 The total volume of the tumo
0.1% after the RF ablation alone and
heating powers
E � extracellular

ournal of Heat Transfer

 https://heattransfer.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use:
I � intracellular
t � tissue
b � blood
h � heat
d � drug
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