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Abstract Direct infusion by means of needles is one of

the widely used methods for the delivery of nanoparticles

in tumors for hyperthermia cancer treatments. During an

infusion process, infusion-induced deformation can sub-

stantially affect the dispersion of the nanoparticles injected

in a biological tissue. In this study, a poroelastic model is

developed to investigate fluid transport and flow-induced

tissue deformation in a tumor during an infusion process. A

surface tracking technique is employed to predict the shape

of nanofluid spreading after injection. The model is then

used to simulate the formation of backflow and the change

of tissue porosity due to the deformation. Specifically, we

quantify the influence of the backflow on the spreading

shape of the nanofluid and its dependence on injection

parameters such as infusion rates, needle diameters, and

tumor elastic properties. It is found that backflow is an

important factor causing an irregular distribution of the

nanofluid injected in a tumor. A higher infusion rate, larger

needle diameter, and lower elastic modulus yield a longer

backflow length and cause a more irregular spreading

shape of the nanofluid. The infusion-induced tissue defor-

mation also leads to a pore swelling and an increase of the

porosity in the vicinity of the needle tip and the needle

outer surface. It is anticipated that the increased pore size

may facilitate the particle penetration in a tumor. To

achieve a controlled heat generation, the injection param-

eters should be selected judiciously with the consideration

of tumor sizes, tumor properties, and thresholds at which

tumors break under the infusion pressure.

Keywords Infusion � Nanoparticle transport � Tissue

deformation � Hyperthermia � Backflow

1 Introduction

Nanoparticles have found important applications in various

hyperthermia cancer treatments due to their abilities to

generate impressive levels of heat when excited by an

external magnetic field or laser irradiation [4, 8, 10–12, 16,

17, 23, 28]. For example, magnetic nanoparticles delivered

in a tumor can induce localized heating when agitated by

an alternating magnetic field. The resulting temperature

elevations in the tumor can cause an irreversible thermal

damage to the tumor cells [10, 12, 16, 17, 23]. In laser

photothermal therapy, where heat is induced by a near-

infrared laser irradiation on the tumor surface, the inclusion

of gold nanoshells/nanorods in the tumor maximizes the

absorption of laser energy, leading to enhanced tempera-

ture elevations confined in the target region [4, 8, 28].

Nanoparticles have also been innovatively used in a variety

of clinical and biomedical research and applications [20].

Although various types of nanoparticles have demonstrated

great potentials in hyperthermia cancer treatment, many

challenges need to be addressed before their widespread

applications in clinical studies. One leading issue is the

limited knowledge of nanoparticles distribution and antic-

ipated temperature elevations in tumors. Since nanoparti-

cles serve as the heating agents, their distributions in a

tumor play a critical role in determining the efficacy of the

treatment. The lack of control of the nanoparticle distri-

bution may lead to inadequacy in killing tumor cells and/or

damage to the healthy tissue.

Intratumoral infusion is an important technique to deli-

ver a variety of nanostructures in tumors by continuous
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injection of a nanofluid under a positive pressure gradient

[1, 11, 12, 21]. Since it allows those agents to overcome

obstacles such as interstitial fluid pressure and brain blood

barrier through enhanced convective transport [22], direct

infusion is considered the best method available for dis-

tributing large therapeutic agents in tumors. Salloum et al.

[30] studied the injection of a ferrofluid in semi-transparent

agarose gels, and demonstrated that the distribution volume

of the ferrofluid is sensitive to both injection rates and gel

properties. The study also suggests a non-uniform nano-

particle distribution with a high nanoparticle concentration

near the needle tip [30, 33]. In addition, a high infusion rate

is more likely to yield an uncontrollable and irregular-

shaped nanofluid distribution. The study reveals a quali-

tative relationship among the injection parameters, gel

properties, and the particle distributions; however, the

underlying mechanisms that govern the transport of nano-

fluids in tissues during an infusion are poorly understood.

Specifically, it remains unclear to what extent the defor-

mation of the tissue affects the nanoparticle transport in

tumors.

Previous studies of drug delivery by direct infusion

show that infusion pressures induce the deformation of

gels/tissues, and subsequently change the size and con-

nectedness of the aqueous pathways in the porous struc-

ture [15, 22]. As a result, the resistance of the porous

medium to fluid flow is altered, and the permeability

becomes a function of the deformation. Tissue deforma-

tion also changes the effective pore size of the extracel-

lular structure, which might either facilitate or hinder the

particle penetration [26]. McGuire et al. [22] developed a

one-dimensional poroelastic model to explain the non-

linear relation of the infusion rate and infusion pressure

due to the heterogeneous tissue deformation. Chen et al.

[6] conducted experimental and theoretical studies of the

poroelasticity of brain-tissue-equivalent phantom gels to

characterize the influence of gel deformation on infusion

pressure, gel matrix dilation, and pore fraction. However,

this study is limited to soft gels and low infusion rates in

the range of 0.5–10 ll min-1. Ivanchenko et al. [14]

measured the deformation of brain-tissue-equivalent

phantom gels due to fluid infusion for a single infusion

rate of 5 ll min-1. The changes in the hydraulic con-

ductivity and the porosity close to the catheter tip were

analyzed.

Tissue deformation also causes the infusate to flow back

along the needle track, leading to the leakage of the infu-

sate into the surrounding healthy tissue. The backflow has

been a challenge for the administration of therapeutic

agents to brain tumors through enhanced convection

delivery [1]. Morrison et al. [25] derived a simplified

relation to quantify the backflow distance as a function of

infusion rates and the diameters of catheters. Raghavan

et al. [29] further reformulated and developed this analyt-

ical model [25]. The simplifications involved in the models

do not allow precise prediction of the shapes of the infusate

distribution in tissues.

Despite the extensive studies of direct infusion pro-

cesses, the influence of tissue deformation on the transport

of nanofluids in tumors remains poorly understood.

Quantitative information on the shape of nanofluid distri-

bution, the change of tumor porosity, and their dependence

on injection parameters, is not available. The lack of

information on the change of pore size induced by the

infusion pressure makes it difficult to assess its influence

on nanoparticle penetration. In this study, a poroelastic

model considering fluid flow through porous media and

flow-induced tissue deformation is developed to investigate

the infusion process. A surface tracking technique is

employed to predict the shapes of the nanofluid spreading.

The model is used to simulate the formation of backflow,

and the change of tumor porosity for various combinations

of injection parameters and tissue properties. The influence

of the backflow on the spreading of the nanofluid, the

change of the tissue porosity, and their dependence on the

infusion rates, needle diameters, and tumor elastic prop-

erties are quantified for infusion rates in the range of

2.5–20 ll min-1.

2 Methods

The poroelastic model for nanofluid infusion in tumors

consists of the equations for fluid flow through porous

tissues, tissue deformation, bulk flow in the annular space

surrounding a needle, and surface tracking of flow front.

Since most of the ferrofluids used in the experimental study

of magnetic nanoparticle hyperthermia have a low con-

centration [30, 31, 35], we assume that the nanofluids used

in a treatment are dilute with a concentration lower than

5% by volume, where the presence of the particles does not

significantly affect the transport properties of the fluid [36].

We also assume that the porous structure before an injec-

tion is homogenous. The effects of gravity, osmotic force,

particle agglomeration, and the fluid exchange between the

interstitial fluid and blood or lymph vessels on the fluid

transport are not considered [5, 22]. Fluid flow and tissue

deformation are considered steady state [33]. The solid

phase of the medium is assumed as Hookian material,

incompressible, isotropic, and fully saturated with fluid.

The deformation during an infusion is infinitesimal. With

these assumptions, the fluid flow through porous tissues is

described by Darcy’s equation [18].

r � ðevÞ ¼ 0 ð1Þ

and

Med Biol Eng Comput

123

Author's personal copy



rpf ¼ �
el
K

v ð2Þ

where e is the porosity, v is the interstitial fluid velocity

vector, pf is the fluid pressure, l is the viscosity of the fluid,

and K is the permeability of the tissue. The constitutive

equation for tissue deformation is

Gr2uþ ðkþ GÞrðr � uÞ ¼ rðepfÞ ð3Þ

where u is the displacement vector, and G and k are Lamé

constants. Given Young’s modulus E and Poisson’s ratio t,

G and k can be calculated using the following relation-

ships: k = Et/((1 ? t)(1 - 2t)) and G = E/(2(1 ? k)).

During an infusion, backflow forms as the hydraulic

pressure opens an annular space surrounding the needle

outer surface. The bulk flow in the annular space is gov-

erned by the conservations of mass and momentum, which

are

r � v ¼ 0

v � rv ¼ � 1
qrpf þ l

qr2v

�
ð4Þ

It should be noted that the porosity e and permeability K

in Eqs. 1–3 are variables that depend on tissue

deformation; both are the functions of dilatation e, which

is calculated by e ¼ r � u. When the volume of the solid

phase of the porous medium is assumed unchanged for a

small deformation, the porosity e is computed by the

expression [5, 6]

e ¼ e0 þ e

1þ e
ð5Þ

where e0 is the tissue porosity in the absence of

deformation. Various empirical relationships have been

proposed to quantify permeability K as a function of the

dilatation e [9, 13, 19]. In this study, we employed a

commonly used relation proposed by Lai and Mow [19]

which prescribes an exponential increase in tissue

permeability with dilatation e

K ¼ K0 expðMeÞ ð6Þ

where K0 is the permeability in the absence of deformation,

and M is a material constant that governs the variation of

the permeability with the deformation. Typically M is

related to tissue properties, densities of the cells, and

extracellular matrix [5, 19, 22]. Through curve-fitting of

the experimental data, previous studies suggest that

M varies in the range of 0–5 [5, 19, 32]. We use a constant

M = 2 in this study.

In order to predict the spreading shapes of the nanofluid,

it is necessary to track the flow front of the nanofluid at the

end of an infusion. In case of two immiscible fluids, the

interface can be tracked using the color function method,

where the fluid of interest is designated by a ‘‘color’’

function, i.e., f = 1. The equation for advection of f in the

velocity field is then solved to track the position of the flow

front, which is [24]

of

ot
þr � ðvf Þ ¼ 0 ð7Þ

Although the nanofluid and water are miscible, the existing

studies suggest that the diffusivities of nanoparticles in

unbounded water are at the order of 10-11 m2 s-1 [33]. Due to

the low diffusivity, nanofluid injected in the agarose gel

demonstrated a clear front and no obvious diffusion was

observed within 24 h after an injection [30]. Therefore, we use

the aforementioned interface tracking technique to study the

nanofluid spreading in tumors.

The simulations of nanofluid injection in tumors are

performed in a configuration depicted in Fig. 1, where a

spherical tumor of 10 mm in diameter is embedded in

20 mm thick normal tissue. A needle is inserted at the

center of the tumor. The boundary conditions used in this

study are as follows: a finite pressure pf = Pinf is applied at

the needle tip, and at the outer boundary where r = R,

pf = 0. Pinf is adjusted so that it yields the desired infusion

rate. No-slip condition is applied on the tissue and needle

surfaces exposed to the backflow. For tissue deformation, a

constant hydraulic pressure Pinf is applied on the needle tip,

which yields

ð2Gþ kÞ ouz

oz
¼ �Pinf ð8Þ

At the outer boundary r = R, a fixed boundary condition

u = 0 is applied. The interface between the tissue and

needle is considered deformable, which allows the tissue to

recede from the needle surface. Major simulation

parameters and tissue/tumor properties used in this study

are given in Table 1.

The injection process is simulated by solving Eqs. 1–4

iteratively to determine the velocity field, the tissue

deformation, and the length of the backflow in a two-

Fig. 1 Configuration for nanofluid injection in a tumor embedded in

normal tissue (Rt = 5 mm, R = 25 mm)
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dimensional axis-symmetric domain shown in Fig. 1. Once

the velocity field is obtained, Eq. 7 is solved to track the

front location of the nanofluid at the end of an injection.

The injection duration is determined by the infusion

amount and the injection rate. A commercially available

multiphysics software COMSOL� is used to solve the

equations. A total number of 22792 triangular elements

with quadratic Lagrange shape functions are used in the

simulation. Mesh dependency study is performed to insure

the independency of the results on the number of the ele-

ments. Doubling the number of the elements resulted in

less than 5% difference in the maximum velocity and tissue

displacement.

3 Results

3.1 Effects of infusion rate

The formation of the backflow and the shape of the

nanofluid distribution in a tumor embedded in the normal

tissue are predicted using the poroelastic model. Figure 2a

shows the predicted shape of the backflow on the needle

outer surface for an infusion rate of 10 ll min-1. It can be

seen that under the hydraulic pressure, the tissue at the

needle outer surface moves back, forming a nearly hemi-

spherical cavity at the needle tip and an annular space that

extends along a portion of the needle length. The infusate

fills the space and forms the backflow. The formation of the

backflow affects the nanofluid distribution substantially as

shown in Fig. 2b. The infusate that fills the annulus infil-

trates through the porous tissue in a direction perpendicular

to the needle, thus distorting the spherical symmetry of the

nanofluid distribution. Even for the infusion rates as low as

2.5 and 5 ll min-1, the shapes of the nanofluid distribution

volume are not spherical. However, these two infusion

rates allow most of the infusate confined within the tumor.

For high infusion rates in excess of 5 ll min-1, the back-

flow length exceeds the tumor radius of 5 mm, and a

leakage of the nanofluid into the normal tissue is possible.

As a comparison, Fig. 2c gives the experimental images of

the shapes of the ferrofluid spreading in agarose gels (1%

concentration) for various injection rates [30]. Despite the

different properties of tissues and gels, the predicted shapes

of the nanofluid spreading at 2.5 and 5 ll min-1 are similar

to those observed in the experiment. However, the simu-

lation and the experimental results do not agree well for the

injection rate of 10 ll min-1. This discrepancy can be

explained by the different mechanical responses of tissues

and gels to hydraulic pressures. Typically, gels are more

delicate with a lower tolerance to pressure than real tissues.

Under a moderate infusion pressure, cracks may form in

Table 1 Simulation parameters and tissue/tumor properties

Properties and parameters Values

Injection amount 0.1 cc Ferrofluid

Particle diameter 10 nm

Needle 22, 26, and 32-Gauge,

Hamilton needle

Injection rate 2.5–20 ll min-1

Tissue porosity 0.4 [22]

Tumor porosity 0.2 [27]

Young’s modulus of tissue (E) 60 kPa [7]

Young’s modulus of tumor (E) 0.2–0.5 MPa [3, 5]

Initial tumor permeability 5910-16 m2 [5, 27]

Initial tissue permeability 1910-14 m2 [34]

Tissue/tumor Poisson’s ratio 0.35 [5, 22]

Tumor diameter 10 mm [22]

Fig. 2 a Tissue deformation at the needle outer surface for infusion

rate of 10 ll min-1 (26-gauge, E = 0.5 MPa), L is the backflow

length. The tissue deformation and needle diameter are magnified in

the vertical direction for best visual effect. b Predicted shapes of the

nanofluid spreading for various infusion rates (26-gauge,

E = 0.5 MPa). c Shapes of the nanofluid distribution after injection

1% concentration gels [30]
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gels in a plane perpendicular to the needle track, leading to

extended bulk flow in that direction. The microCT imaging

[2] confirms that the observed shape of the nanofluid dis-

tribution for the infusion rate of 10 ll min-1 is due to the

formation of a crack in the gel. Real tissues, on the other

hand, can sustain sufficiently high pressure elevation with-

out a breakage. The infusion rate in real tumors reported in

Ref. [35] varies in the range of 1.5–30 ll min-1. Since our

study focuses on the nanofluid transport in tumors, we

choose infusion rates in the range of 5 – 20 ll min-1 in this

study.

The length of the backflow depends on many factors

including infusion rates, needle diameters, and tissue

properties. Figure 3 shows the variations of the backflow

length L with the infusion rate for various needle diame-

ters. There is a clear indication that a faster infusion causes

a longer backflow length due to the higher infusion pres-

sure applied. Figure 4a shows the deformation-induced

porosity distribution in the tumor for the infusion rate of

10 ll min-1 and 26-gauge needle. As the result of dilata-

tion, a substantial increase of the porosity is observed not

only near the tip, but also on the needle surface due to the

backflow. Figure 4b shows the porosity profiles along the

direction of injection for various infusion rates. Given the

original tumor porosity of 0.2, a nearly 100% increase of

the porosity is observed at the needle tip for a fast infusion

rate of 20 ll min-1. There is no substantial increase of the

porosity for the infusion rate of 5 ll min-1.

3.2 Effects of needle diameter

We studied the effect of the needle diameter on the back-

flow length using three different needles, 22, 26, and

32-gauge. The larger gauge needles have smaller diame-

ters. Interestingly, a larger needle diameter yields a longer

backflow length for all the infusion rates used in this study

(Fig. 3), which subsequently causes more nanofluid to

spread along the needle track (Fig. 5a). Figure 5b shows

the porosity distribution along the direction of injection for

various needle diameters for the injection rate of

10 ll min-1. It is evident that a smaller needle diameter

(32-gauge) yields a larger porosity, but the increased

porosity is limited to a small region close to the needle tip.

The effect of the dilatation is not substantial for 22-gauge

needle.

3.3 Effects of tissue elastic properties

Previous studies of tissue mechanics reported that the

elastic modulus of tissues varies over a wide range [3, 27].

In this study, the effects of tissue elastic properties on the

backflow length, the shape of the nanofluid distribution,

and the tissue porosity were studied by using various

Fig. 3 Variations of backflow length with infusion rate for various

needle diameters (E = 0.5 MPa)

Fig. 4 a Porosity profile near the injection site within tumor for the

infusion rate of 10 ll min-1 (26-gauge, E = 0.5 MPa). b Variations

of porosity along the direction of injection for various infusion rates
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E values in a range of 0.2–0.5 MPa. Figure 6a gives the

variations of the backflow length with infusion rate for

various values of E. It is evident that a flexible tissue is

prone to deformation and yields a longer backflow length

even at a low infusion rate of 5 ll min-1. For an infusion

in a stiff tissue, shorter backflow lengths are expected due

to the large resistance to deformation. Figure 6b depicts the

variations of the porosity along the direction of injection

for the infusion rate of 10 ll min-1. The increase of the

tissue porosity in flexible tissue near the needle tip is

evident.

4 Discussion

In hyperthermia cancer treatment using nanoparticles, it is

preferable to have controlled nanoparticle distribution in

tumors. This is especially important when multi-site

injection is employed to cover large and/or irregular-

shaped tumors. The distributions of nanofluids delivered

from a point source or spherical cavity in an isotropic semi-

infinite medium should be spherically symmetric. How-

ever, drugs delivered by direct infusion may exhibit dif-

ferent patterns of distribution due to the presence of the

needle and the infusion-induced tissue deformation. Pre-

vious studies have identified that backflow may cause

leakage of the infusate into healthy tissues and reduce the

distribution volume of the infusate in the target region [1,

25]. The results from this study suggest that backflow

length is also an important factor that defines the shapes of

the nanofluid distribution volume. A higher infusion pres-

sure creates a longer backflow distance, and thereby, yields

a more irregular nanofluid spreading. For the tumor

Fig. 5 a Predicted spreading

shapes of the nanofluid for

different needle diameters at

10 ll min-1 (E = 0.5 MPa).

b Variations of porosity along

the direction of injection for

various needle diameters

(10 ll min-1, E = 0.5 MPa)

Fig. 6 a Variations of backflow length with infusion rate for various

elastic tumor properties (26-gauge). b Variations of porosity along

the direction of injection for various elastic tumor properties

(10 ll min-1, 26-gauge)
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properties and injection parameters used in this study, a

slow infusion rate (\10 ll min-1) is recommended to

avoid nanofluid leakage into the surrounding healthy tissue.

For a specific infusion rate, larger needle diameters are

associated with slower infusion velocities at the needle tip,

and subsequently, lower infusion pressures. Interestingly, a

longer backflow length is observed for a larger needle

diameter (Fig. 3). This observation is consistent with the

study of infusion in brain tissues [25], which reported a

monotonous increase of backflow length with needle

diameter for infusion rates ranging from 0.03 to

5 ll min-1. The relation between the backflow length and

the needle diameter can be explained by the elastic

deformation of a long thick cylindrical wall expanding

radially outward under an annular pressure Pr. In this case,

the radial deformation Dr is proportional to the radius r for

a given Pr [25]

Dr ¼ Pr � r=2G ð9Þ

which suggests that a cylindrical wall of larger radius

deforms more than a smaller one under the same annular

pressure. Thereby, enlarging needle diameter creates

competing effects on the backflow-reduced infusion pres-

sure and larger tissue deformation in the radial direction.

The observation of a longer backflow length for larger

needle diameters suggests that the latter one dominates this

process for the operational conditions used in this study.

Injection rate and needle diameter are two important

parameters for a direct delivery of nanofluid. In order to

confine heat generation in tumors, low infusion rates and

small needle diameters should be used. However, a low

infusion rate is associated with protracted injection duration,

and a small needle diameter results in high pressures at the

needle tip that may cause tumor breakage. Once cracks form

in a tumor, the nanofluid flows through the cracks and makes

it difficult to control its distribution. Accumulation of the

infusate in the peripheral area of the tumor was observed at

high infusion rates in a previous experimental study [35]. In

addition, tumor properties should also be considered when

selecting injection parameters. Strong backflow emerges

even at low infusion rate in soft tissues. In summary, the

knowledge of tumor size, tumor properties, as well as, the

threshold at which tumor breaks under infusion pressures are

critical for the design of an optimal injection protocol for a

hyperthermia treatment.

Tissue deformation alters the pore size and porosity,

which may substantially affect the penetration depth of

therapeutic agents such as nanoparticles. Neeves et al. [26]

demonstrated that nanoparticle penetration can be effec-

tively improved by hydraulic dilation. Our simulation

results show that a substantial increase of tumor porosity is

observed near the needle tip for high infusion rates and

small needle diameter (Figs. 4b, 5b). Thereby, enhanced

penetration depths of the nanoparticles are anticipated in

these circumstances. We also observe that the dilatation-

influenced porosity is limited to a small area near the

needle tip regardless of the infusion rate. Further study of

the nanoparticle transport in tissues is needed to quantify

the effect of tissue dilation on the particle distribution.

The poroelastic model developed in this study is limited

to spherical, homogenous and isotropic tumors. In real

tumors, the nanofluid distribution can be affected by other

factors, including but not limited to the heterogeneous and

anisotropic tumor properties, irregular tumor shapes, cracks

and necrotic tissues which are common features in large

tumors. In addition, elevated infusion pressure may break

tumors and cause the formation of cracks during an infusion

process. These mechanisms should be included in the model

in future studies. Besides, this model does not consider the

increased viscosity of the infusate with dispersed nanopar-

ticles, thus is limited to dilute nanofluids. However, ferro-

fluids of low concentrations have been used in hyperthermia

treatment with positive outcome. The in vivo animal study

by Salloum et al. [31] has demonstrated that 0.2 cc of

3.3 vol.% ferrofluid generates sufficient level of heat to

elevate the tissue temperature above 43�C. Also, the first

clinical hyperthermia by Johannsen et al. [16] used a particle

concentration of 120 mg/ml, which corresponds to a volu-

metric concentration of 2.29%. The change of the rheolog-

ical behaviors of nanofluids should be considered for

moderate or high concentration nanofluids, and the effects of

particle concentration on flow pattern and backflow length

should be investigated in future study.

In summary, tissue deformation is identified as the lead-

ing mechanism causing the irregular-shaped nanofluid

spreading, and can facilitate particle penetration in tumors.

Low infusion rate and small needle diameter are recom-

mended to reduce the backflow. The design of an optimal

infusion protocol requires the consideration of the tumor

properties, heterogeneous structure of tumors, and the

information on the tumor breakage under infusion pressure.

The study presented in this article is the first step toward a

systematic simulation of nanoparticle transport during an

infusion process in hyperthermia applications. The infor-

mation obtained in this study on nanofluid velocity field,

tissue deformation, and pore swelling will be used for the

simulation of nanoparticle convection and deposition in

tissue where the size and properties of the particles play a

critical role.
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