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Abstract—Efficiency of intratumoral infusion for drug and gene
delivery depends on intrinsic tissue structures as well as infusion-
induced changes in these structures. To this end, we investigated
effects of infusion pressure (Pinf ) and infusion-induced tissue
deformation on infusion rate (Q) in three mouse tumor models
(B16.F10, 4T1, and U87) and developed a poroelastic model for
interpreting data and understanding mechanisms of fluid trans-
port in tumors. The collagen concentrations in these tumors were
2.9 ± 1.2, 12.2 ± 0.9, and 18.1 ± 3.5 µg/mg wet wt. of tissues, re-
spectively. During the infusion, there existed a threshold infusion
pressure (Pt), below which fluid flow could not be initiated. The
values of Pt for these tumors were 7.36, 36.8, and 29.4 mmHg,
respectively. Q was a bell-shaped function of Pinf in 4T1 tumors
but increased monotonically with increasing Pinf in other tumors.
These observations were consistent with results from numerical
simulations based on the poroelastic model, suggesting that both
the existence of Pt and the nonlinear relationships between Q and
Pinf could be explained by infusion-induced tissue deformation
that anisotropically affected the hydraulic conductivity of tissues.
These results may be useful for further investigations of intratu-
moral infusion of drugs and genes.

Keywords—Collagen concentration, Hydraulic conductivity, In-
tratumoral infusion, Drug and gene delivery.

Abbreviations

EBA evans blue-labeled albumin
ECM extracellular matrix
GAG glycosaminoglycan
IFP interstitial fluid pressure

INTRODUCTION

Intratumoral infusion provides a viable technique for
drug and gene delivery in solid tumors, especially for large
therapeutic agents such as antibodies, nucleotides, and
nanoparticles. Large therapeutic agents hardly distribute
throughout tissues via passive transport after systemic
delivery because of the heterogeneous vasculature and
blood supply, elevated interstitial fluid pressure (IFP),
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and transport barriers commonly found in solid tu-
mors.14,15,20,37 Local delivery of large therapeutic agents
based on polymeric devices is also hampered by cells and
extracellular matrix.8,12,32 Therefore, intratumoral infusion
is so far the best method available for distributing large
therapeutic agents in tumors. The method allows thera-
peutic agents to bypass or overcome some of the obsta-
cles, including the elevated IFP, by creating a hydrostatic
pressure gradient for enhancing convective transport in tu-
mors.4,5,9,14,18,19,34,35,41 Furthermore, direct infusion may
reduce systemic toxicity because localized delivery can sig-
nificantly decrease the plasma concentration of drugs.18

The infusion method can also be combined with surgery
in cancer treatment. Preoperative drug infusion may re-
duce the size of tumors so that they can be removed more
easily and less destructively. Postoperatively, intratumoral
infusion may be used to deliver therapeutic agents to sur-
rounding tissues to kill residue tumor cells that are missed
during surgery.

The efficiency of drug delivery via intratumoral infu-
sion depends largely upon transport parameters that are
determined by interstitial structures and cell density as well
as molecular properties of drugs.3,7,11,14,21,23,25,30 More
specifically, the rate of fluid flow during the infusion de-
pends on the hydraulic conductivity of tumor tissues. This
parameter is a constant in rigid porous materials but a func-
tion of deformation in gels and tissues.2,13,17,19,27,36,40,41

During the intratumoral infusion, we have demonstrated
that a four-fold increase in the infusion pressure can al-
ter the hydraulic conductivity by several orders of mag-
nitude.41 The mechanism of alteration is related to tissue
deformation-induced changes in the size and connected-
ness of aqueous pathways.19,38,41 Tissue expansion may
increase the size and improve the connectedness of the
pathways, thereby reducing the resistance to both fluid and
solute transport. Conversely, tissue compression may close
and/or disconnect aqueous pathways and thus lead to a
significant increase in the interstitial resistance to diffusion
and convection. The extent of deformation depends upon
mechanical properties of tissues, which in turn are functions
of extracellular matrix (ECM) structures and cell density.24
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In general, the extracellular matrix and cells can affect in-
tratumoral infusion through both hindering transport and
controlling mechanical deformation of tumors. To this end,
we infused fluid into three types of tumors with differ-
ent collagen concentrations and compared the flow rates
in these tumors under the same infusion conditions. We
observed that the infusion pressure must be higher than a
threshold level in order to initiate the infusion in all tumors.
In addition, there existed two distinct relationships between
infusion rate and infusion pressure. In tumors with rela-
tively low collagen concentrations, the flow rate was high
and increased monotonically with the infusion pressure.
In the tumor with relatively high collagen concentration,
the flow rate was a bell-shaped function of the infusion
pressure. To interpret the experimental data and understand
mechanisms of fluid transport during the infusion, we de-
veloped a poroelastic model. The model predictions were
consistent with the data, suggesting that both the existence
of the threshold pressure and the nonlinear relationships be-
tween the flow rate and the infusion pressure could be due
to infusion-induced tissue deformation that anisotropically
affected the hydraulic conductivity of tumor tissues.

MATERIALS AND METHODS

Tumor Models

Three tumor cell lines were used in the study. B16.F10
was a murine melanoma, 4T1 was a murine mammary car-
cinoma, and U87 was a human glioma. These cell lines were
maintained at 37◦C with 95% air and 5% CO2 in DMEM
supplemented with 10% fetal bovine serum, 1% penicillin,
and 1% streptomycin. Cells were harvested from culture
flasks with 0.25% trypsin/EDTA, and rinsed twice with
sterile PBS. Suspensions of B16.F10, 4T1, and U87 cells
(106 in 50 µl of PBS) were injected subcutaneously into
the left hind limbs of female Balb/c, C57BL/6, and NCr-nu
Athymic mice (4–6 weeks old, Charles River, Raleigh, NC,
USA), respectively. During the tumor cell implantation,
mice were anesthetized with intraperitoneal injection of
ketamine/xylazine (80 mg and 9 mg, respectively, per kg
body weight). Tumors were allowed to grow until they
reached ∼1 cm in diameter, which typically took 8–
10 days for B16.F10 and 4T1 tumors and 3 weeks for U87
tumors. The animal protocol has been approved by the Duke
University Institutional Animal Care & Use Committee.

Flow Rate and Hydraulic Conductivity During
Intratumoral Infusion

Mice were anesthetized as described above. A solution
of Evans blue-labeled albumin (EBA), prepared by mixing
0.04% Evans blue and 0.1% albumin in 0.9% saline, was
infused into the center of the tumor via a 28 G needle con-
nected to a reservoir of Evans blue-labeled albumin solution
via a 0.52-mm diameter tubing. The infusion pressure (Pinf)

was defined by the height of the top of the reservoir relative
to the needle tip. The initial pressure was ∼ 5 cmH2O,
then the pressure was raised in 5-cmH2O increments un-
til a bubble introduced into the tubing began to move. At
this moment, the pressure minus 5-cmH2O was defined as
the threshold pressure. Based on this definition, the uncer-
tainty for the measured threshold pressure was less than
5 cmH2O (i.e., 3.7 mmHg) in all tumors. The flow rate (Q)
was determined by measuring the velocity of the bubble.41

Periodic flow rate measurements were made throughout
the infusion period to determine the time-dependence of
the flow rate. The volume of infusion in all experimen-
tal groups was approximately 10 µl because this volume
could be well contained within the tumor. The flow rate
measured at the end of the infusion was reported in the
Results section and also used to calculate the apparent hy-
draulic conductivity (Kapp) based on the Darcy’s law for
unidirectional flow in an infinite region around a spherical
fluid cavity: Kapp = Q/(4πa0Pinf), where a0 was the initial
radius of fluid cavity that was approximately equal to the
radius of the 28 G needle (0.18 mm). All measurements
were repeated five times in different tumors.

After the infusion, we sacrificed the mice, removed the
tumors, and then examined the distribution of EBA by cut-
ting the tumor in half through the infusion site and visually
inspecting the dyed region. If the distribution of EBA was
not approximately spherical around the tip of the infusion
needle, the sample was discarded for the following reasons.
First, the method of analysis used in this study was invalid
for non-spherical distributions caused by the presence of
cracks and/or necrotic regions in tumors. Second, infusion
into a necrotic region or macroscopic cracks encountered
minimal resistance compared with that into a viable region
of tumors. In this case, the infusion rate was too fast to be ac-
curately measured in our experiments. Cracks and necrotic
tissues are common features in large tumors.19 In this study,
approximately half of the samples were discarded due to
these problems.

Collagen Concentration in Tumors

The collagen concentration was measured using a
method adopted from the literature.39,42 Small samples
( ∼100 mg) of tumors were incubated in a 1-ml papain
digest buffer (125 µg/ml papain in 0.1 M sodium phos-
phate, 5 mM Na2EDTA, and 5 mM L-cysteine-HCL at pH
6.0) for 16–24 h in a 60◦C water bath. 100 µl samples from
each digest were hydrolyzed in 6 N HCl for 16–24 h at
115◦C. The solutions were then cooled to the room tem-
perature and 2 drops of methyl red indicator were added to
tritrate the samples with 2.5 N NaOH followed by 0.5 N
HCl, and finally 0.5 N NaOH until the samples were in a
faint yellow color. Solutions were then diluted with distilled
water to approximately 7 ml total volume. A hydroxypro-
line standard solution (10 mg of hydroxyproline in 100 ml
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FIGURE 1. Schematic of intratumoral infusion of EBA solution.
The block arrow indicates the flow of EBA solution from the
reservoir into the infusion needle at a pressure Pinf and flow
rate Q. The arrows indicate solid displacement of tumor tissue
u(r), fluid velocity v(r), or gradient of interstitial fluid pressure
dP/dr in the radial direction at individual locations. The dashed
arrow indicates the radial distance r from the center of fluid
cavity.

distilled water) was diluted to concentrations of 0.5, 1, 2,
3, and 4 µg/ml, respectively, in separate tubes for generat-
ing a standard curve of hydroxyproline. 1 ml of each test
sample and standard solution were mixed in glass tubes, at
the room temperature, with 0.5 ml chloramine-T solution
(0.705 g Chloramine-T, 40 ml of pH 6 buffer (17 g, sodium
hydroxide, 25 g citric acid monohydrate, 60 g sodium ac-
etate trihydrate, and 6 ml glacial acetic acid in 250 ml dis-
tilled water), and 5 ml isopropanol). 20 min later, 0.5 ml of
pDAB solution (7.5 g p-Dimethylaminobenzaldehyde and
30 ml isopropanol) was added to all tubes while vortexing.
All tubes were then incubated in a 60◦C water bath for
20 min. The absorbencies of each sample and standard at
550 nm were then measured with a spectrophotometer. The
amount of hydroxyproline in each sample was determined
by using the standard curve. Hydroxyproline is unique to
collagen and comprises ∼ 7% of its total weight. For each
model, three tumors were prepared and three samples were
collected from different regions in each tumor. Therefore,
the experiment was repeated 9 times for each model and
the mean ± standard deviation are reported in the Results
section.

Mathematical Modeling of Intratumoral Infusion

The schematic of intratumoral infusion is shown in
Fig. 1. We assumed that tumor tissue was a deformable
porous material and that the deformation during the infusion
was infinitesimal. Therefore, the poroelastic model could
be used to simulate the intratumoral infusion. The details of
the model have been described in the literature.33 In brief,
the model assumes that the solid phase of the medium is a
Hookian material, i.e., the stresses are linear functions of
strains, and the momentum balances in both fluid and solid
phases are governed by the generalized Biot’s law. During
the infusion, the fluid flow in tumors was assumed to be

spherically symmetric about the tip of the infusion needle
and at the steady state. Based on these assumptions, the
governing equations in spherical coordinates are

(2G + λ)
d

dr

(
du

dr
+ 2u

r

)
− d P

dr
= 0 (1)

v = −K
d P

dr
(2)

where P is the interstitial fluid pressure, u and v are the
components of solid displacement and fluid velocity, re-
spectively, in the r direction, and K is the intrinsic hydraulic
conductivity. G and λ are the Lamé constants. They are
related through the Poisson ratio ν: G = λ(1 − 2ν)/(2ν).

The mass conservation in the fluid phase at the steady
state requires

1

r2

d(r2v)

dr
= 0 (3)

where we had neglected the fluid exchange between the
interstitial space and the blood or lymph vessels, because
the microvascular pressure is approximately equal to the
interstitial fluid pressure at the steady state and there are no
functional lymph vessels in tumors.6,14,22 As a result, we
could treat vascular and interstitial fluid spaces as a single
liquid phase and cellular and extracellular matrix as a single
solid phase in tissues.

The hydraulic conductivity is generally dependent on tis-
sue deformation. Various empirical relationships between K
and tissue deformation have been proposed.1,16,17 A com-
monly used equation was proposed by Lai and Mow in
1980,17 in which K is an exponential function of the vol-
ume dilatation e, K = H exp(Me/3), where H and M are
constants. The Lai and Mow equation assumes that K de-
pends only on e and is independent of the way of tissue
deformation. This assumption may not be valid in tissues
with a high volume fraction of ECM and cells. To simplify
the discussion, we might consider two hypothetical situa-
tions of cell arrangement in tissues. In both situations, the
cells were identical and arranged in ordered periodic arrays.
The only difference was that cells were aligned in the first
situation and staggered in the second one.10 If the cells were
aligned in all directions and the space between cells was
much smaller than the size of cells, then the deformation
in the flow direction would have only minor effects on K.
If the cells were staggered, however, K would be sensitive
to the same deformation. The value of K could approach
to zero if the tissue with staggered cells was adequately
compressed, because the cells would block all pathways
for the flow of interstitial fluid. The same discussion may
also be applied to fibers in ECM. Therefore, we proposed
that K depended on tissue deformation in an anisotropic
manner. To model the anisotropic effect, we modified the
Lai and Mow equation as,

K = H exp{M[αErr + (1 − α)Eθθ ]} (4)
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where Err and Eθθ are the rr and θθ components of the strain
tensor, respectively. They are related to the solid displace-
ment u byErr = du/dr and Eθθ = u/r . α is introduced as
a parameter that accounts for the relative contribution of
tissue deformation in the radial direction (Err) to changes
in K. When α = 1/3, Eq. (4) reduces to the Lai and Mow
equation. In this case, K depends on tissue deformation
isotropically. When α ≤ 1/3, K is dominantly determined
by the circumferential expansion. When α > 1/3, the radial
compression becomes a dominant factor. Furthermore, it is
possible that the value of α is related to densities of cells
and ECM. Consequently, α depends on mechanical proper-
ties of tissues (i.e., λ and G). Since these relationships are
still unknown, we assumed that α and λ were independent
parameters in the model.

Previous studies one have shown that there exists a
threshold pressure Pt below which the infusion cannot be
initiated.19,41 To model the threshold pressure, we hypoth-
esized that the insertion of infusion needle caused compres-
sion of a thin layer of tissues around the needle tip, which
immediately closed all aqueous pathways. The thickness
of this layer (�x) was much smaller than the radius of
the needle so that it could be treated as a membrane. The
hydraulic conductivity of the membrane (LP) was zero if the
infusion pressure Pinf was lower than Pt. When Pinf > Pt,
LP was assumed to increase exponentially with increasing
Pinf ,

LP =
{

0 Pinf < Pt

LP0

{
exp

[
Pinf−Pt

β(2G+λ)

]
− 1

}
Pinf ≥ Pt

(5)

where LP0 and β are constants. The boundary conditions in
the model were

v = LP(Pinf − P) at r = a0 (6)

P = 0 at r = R (7)

(2G + λ)
du

dr
+ 2λ

u

r
= Pinf at r = a0 (8)

(2G + λ)
du

dr
+ 2λ

u

r
= 0 at r = R (9)

where a0 and R are the initial radius of the fluid cavity
around the needle tip and the radius of the tumor, re-
spectively. Equation 9 assumed that there were no contact
stresses in the r direction on the tumor surface.3

Equations 1 through 3 under the boundary conditions
described in Eqs. (6) through (9) were solved simultane-
ously by first converting the differential equations into the
integral ones. Then, the nonlinear integral equations were
solved numerically using an iteration method. Once the
velocity (va) at r = a0 was solved, the infusion rate Q was
calculated as 4πa2

0va . A list of all variables and constants
used in the study is shown in Table 1.

TABLE 1. A list of variables and constants
used in the study.

Variable or
constant Definition

a0 Initial radius of fluid cavity
e Volume dilatation
E Strain tensor
G Lamé constant
H A model constant in Eq. 4
K Hydraulic conductivity
Kapp Apparent hydraulic conductivity
LP Hydraulic conductivity of membrane
LP0 A model constant in Eq. 5
M A model constant in Eq. 4
P Interstitial fluid pressure
Pinf Infusion pressure
Pt Threshold pressure
Q Infusion rate
R Tumor radius
u Solid displacement
v Fluid velocity
α A model constant in Eq. 4
β A model constant in Eq. 5
λ Lamé constant
ν Poisson ratio

Baseline Values of Model Constants

a0 and R were equal to 0.18 mm and 0.5 cm, respec-
tively. In the study, we chose M to be 10 mmHg17 and the
Poisson ratio ν to be 0.35.31 H might be tumor- and col-
lagen concentration-dependent. However, we did not have
enough data to determine H. Therefore, we assumed H to be
3 × 10−5 cm2/mmHg/s, which was estimated by the average
value of K in our experiments. The value of β was assumed
to be unity. LP0 was estimated by H/�x, in which �x was
assumed to be 20 µm. The values of α and λ varied in the
simulation. They were determined through nonlinear curve
fitting of simulation results to experimental data.

Statistical Analysis

The Mann-Whitney U test was used to compare the dif-
ference between two unpaired groups. The difference was
considered to be significant if the p-value was less than
0.01.

RESULTS

The concentrations of collagen in B16.F10, U87, and
4T1 tumors (mean ± standard deviation) were 2.9 ± 1.2,
12.2 ± 0.9, and 18.1 ± 3.5 µg/mg wet wt. of tissue, respec-
tively. The concentration difference between any pair of
tumors was statistically significant (p < 0.01). When the
solution of EBA was infused into the tumors at constant
infusion pressure (Pinf), we observed that there existed a
threshold infusion pressure (Pt), below which the infusion
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FIGURE 2. Flow rate as a function of the pressure Pinf during
the infusion into (a) B16.F10 tumors (n = 5), (b) 4T1 tumors
(n = 5), and (c) U87 tumors (n = 5). The symbols represent data
from individual tumors.

could not be initiated. The values of Pt were 7.36, 36.8, and
29.4 mmHg in B16.F10, U87, and 4T1 tumors, respectively.
The value of Pt had no correlation with the collagen concen-
tration. When Pinf was approximately 4 mmHg larger than
Pt, the infusion could be started in all tumors. The infusion
rate (Q) was measured for Pinf being maintained at 36.8,
51.5, or 69.2 mmHg. The data shown in Fig. 2 demonstrated
that Q was a nonlinear function of Pinf and the shape of
the function was tumor-dependent. In 4T1 tumors that had
the highest collagen concentration among the three tumor
lines, Q was a bell-shaped function of Pinf . In B16.F10 and
U87 tumors, Q increased monotonically with increasing
Pinf . Comparing the values of Q in these tumors, Q de-
creased with increasing the concentration of collagen (see
Fig. 2). The flow rates shown in Fig. 2 were used to calculate

0.0

2.0x10-5

4.0x10-5

6.0x10-5

8.0x10-5

1.0x10-4

0 10 20 30 40 50 60 70 80

K
ap

p
 (

cm
2 /

cm
H

2O
/s

ec
)

Infusion Pressure (mmHg)

(a) B16.F10

0.0

1.5x10-5

3.0x10-5

4.5x10-5

6.0x10-5

0 10 20 30 40 50 60 70 80

K
ap

p
 (

cm
2 /c

m
H

2O
/s

ec
)

Infusion Pressure (mmHg)

(b) U87

0.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

0 10 20 30 40 50 60 70 80

K
ap

p
 (

cm
2 /

cm
H

2O
/s

ec
)

Infusion Pressure (mmHg)

(c) 4T1

FIGURE 3. Apparent hydraulic conductivity (Kapp) as a func-
tion of the pressure Pinf in (a) B16.F10 tumors (n = 5), (b) 4T1
tumors (n = 5), and (c) U87 tumors (n = 5). It was calculated
using the data shown in Fig. 2.

the apparent hydraulic conductivity (Kapp) at each infusion
pressure. The results are shown in Fig. 3. The pressure-
dependence of Kapp was similar to that of Q in individual
tumors.

Using the mathematical model described in the Ma-
terials and Methods section, we numerically simulated
Q for different Pinf and fit the simulation results to the
experimental data shown in Fig. 2 by varying the val-
ues of α and λ. The best fits were achieved when (α,
λ) were equal to (0, 57 mmHg), (0, 95 mmHg), and
(0.733, 175 mmHg) for B16.F10, U87, and 4T1 tumors,
respectively (see Fig. 4). We also performed a sensi-
tivity analysis of the model predictions by varying α

from 0 to 2.5/3.0 and λ from 10 to 800 mmHg (see
Fig. 5). The range of λ covered the values reported in the
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FIGURE 4. Nonlinear curve fitting of flow rate versus pressure
data during the infusion into (a) B16.F10 tumors, (b) 4T1 tu-
mors, and (c) U87 tumors, using the poroelastic model. The
symbols represent the mean of Q at each pressure shown in
Fig. 2; and the curves are the model predictions when the best
fits were achieved.

literature that are between 14 and 675 mmHg.3,23,25,26,31

The threshold pressure Pt in the simulations was fixed at
25 mmHg, i.e., the average value of the experimental data.
It can be shown mathematically that the necessary con-
dition for Q being a bell-shaped function of Pinf is α >

1/3. To illustrate how Q changed with λ at fixed values
of α and Pinf , the data shown in Fig. 5 were re-plotted in
Fig. 6.

DISCUSSION

The collagen concentrations, the threshold pressures,
and the infusion rates at different infusion pressures were
quantified in three different tumors. The data suggested
that the collagen concentration might have significant ef-
fects on both the infusion rate and the relationship between
infusion rate and infusion pressure. To analyze the exper-
imental data, a new poroelastic model was also developed
in the study. The model predictions suggested that the hy-
draulic conductivity depended on intrinsic structures of tis-
sues as well as infusion-induced tissue deformation in an
anisotropic manner.

The amount of collagen contained in a tissue is generally
a predictor of deformability of tissues; the latter decreases
with increasing the former.24 In this study, we observed
qualitatively that B16.F10 tumors were almost like a vis-
cous gel while U87 and 4T1 tumors were more structurally
stable. In addition, 4T1 tumors, noticeably more rigid than
U87 tumors, formed tight spheres under the skin after sub-
cutaneous implantation. In addition to the deformability,
the amount of collagen correlates to molecular diffusiv-
ity in tissues because the network of collagen fibers is a
major transport barrier. Netti et al. have shown that colla-
gen can significantly hinder diffusion of large molecules
in tumors.24 In collagen solutions or gels, the diffusion
coefficients of molecules with different sizes all decrease
with increasing the collagen concentration.29 Furthermore,
the location of collagen fibers dictates size distribution of
hydrophilic pores that are available for molecular transport
within the tissue. Pluen et al. have shown a drastic decrease
in the diffusivity of non-flexible molecules when the ratio
of pore size versus molecular hydrodynamic radius (a/RH)
is less than ∼ 6.8.28 Therefore, the distribution of collagen
fibers may affect drug distribution as well.

The relationship between the collagen concentration and
the hydraulic conductivity is still uncertain since other
components in tissues (e.g., cells and glycosaminoglycans
(GAG)) may also hinder fluid flow. However, we hypothe-
sized that the collagen concentration was a dominant factor
for determining tissue deformation-induced changes in hy-
draulic conductivity. The hypothesis was based on the fol-
lowing observations. First, our preliminary data showed that
there was no significant difference in cell volume fractions
between B16.F10 and 4T1 tumors. Second, Netti et al. have
examined four types of tumors implanted in mice. They
demonstrated that the maximum difference in the extracel-
lular matrix was less than 50% in terms of the total GAG
concentration but more than 4-fold in terms of the collagen
concentration.24 These observations suggest that cells and
GAG may affect the hydraulic conductivity but these effects
are likely to be qualitatively the same in all tumors if the
amount of tissue deformation is the same. On the other
hand, 4T1 tumors were less deformable than the other two
tumors. As a result, tissue deformation-induced changes in
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FIGURE 5. Numerical simulations of flow rate as a function of infusion pressure for different values of α and λ. In each panel, λ
(mmHg) is equal to 10, 20, 50, 150, 500, or 800 whereas α is fixed at (a) 0, (b) 1/3, (c) 1.5/3.0, or (d) 2.5/3.0. The threshold pressure
Pt in all panels is equal to 25 mmHg. In Panel (d), the curves for λ being 10, 20, and 50 collapse onto a single curve closed to Q = 0
and thus cannot be shown separately in the figure.

hydraulic conductivity would be smaller in 4T1 tumors if
cells and GAG were dominant factors in the determina-
tion of flow resistance. This conclusion was inconsistent
with the observations shown in Fig. 3, indicating that the
opposite was likely to be true.

Collagen could affect the hydraulic conductivity through
two mechanisms. One was to limit mechanical deformation
as mentioned above. Another was to hinder fluid flow. Al-
though 4T1 tumors were less deformable than the other
two tumors, the distance between collagen fibers in these
tumors was smaller due to the higher concentration of col-
lagen. Under these conditions, a small deformation could
cause a large relative change in the volume fraction of
interstitial fluid space or even cause disconnectedness of a
large fraction of interstitial fluid space if the fibers in certain
regions were densely packed. Consequently, the hydraulic
conductivity could be decreased significantly due to the
small deformation.

To understand quantitatively how tissue deformation af-
fects K and Q-Pinf relationship, we developed a poroelastic
model of fluid transport in tumors. The model predicted that
the strain was positive (i.e., expansion) in the circumferen-
tial directions but negative (i.e., compression) in the radial
direction. The model also predicted that the dependence of

K on tissue deformation was anisotropic (i.e., α �= 1/3) (see
Fig. 4). The extent of tissue deformation was a function of
α and λ that could affect both the magnitude of Q and the
shape of Q-Pinf curves. When α ≤ 1/3, Q increased with
increasing Pinf but the amount of increase was low if λ was
large (Figs. 5a and 5b). If Pinf was fixed, Q decreased with
increasing λ (Figs. 6a and 6b). When α > 1/3, Q was a bell-
shaped function of Pinf (see Figs. 5c and 5d). The curve
was shifted to the right when λ was increased. If the value
of λ was large (e.g., 800 mmHg), the decrease portions of
the curves could be shifted out of the figure frames (see
Figs. 5c and 5d). This nonlinear behavior of Q versus Pinf

was mainly caused by the increase in the relative contribu-
tion of radial compression of tissues to K in Eq. (4). If Pinf

was fixed and α > 1/3, Q was also a bell-shaped function
of λ and the curve was shifted to the right when Pinf or α

was increased (Figs. 6c and 6d). For all values of α, Q →
0 as λ→∞ .

The value of K either increased (if α > 1/3) or decreased
(if α ≤ 1/3) with the radial distance (data not shown), in-
dicating that tissue deformation could change K in both
directions. The value of K was close to H (a constant in
Eq. 4) at a large distance where the deformation was negli-
gible. The apparent hydraulic conductivity (Kapp), defined



1180 MCGUIRE et al.

1.0x10-6

1.0x10-5

1.0x10-4

1.0x10-3

1.0x10-2

1.0x10-1

1.0x100

10 100 1000

28
32
40
50
60
70
85
100

In
fu

si
o

n
 r

at
e 

(m
l/s

ec
)

λ λ λ λ (mmHg)

(a)

1.0x10-6

1.0x10-5

1.0x10-4

1.0x10-3

1.0x10-2

1.0x10-1

1.0x100

10 100 1000

28
32
40
50
60
70
85
100

In
fu

si
o

n
 r

at
e 

(m
l/s

ec
)

λ (mmHg)

(b)

10 100 1000

28
32
40
50
60
70
85
100

0.0

1.5x10-4

3.0x10-4

4.5x10-4

In
fu

si
o

n
 R

at
e 

(m
l/s

ec
)

λ (mmHg)

(c)

10 100 1000

28
32
40
50
60
70
85
100

0.0

5.0x10-5

1.0x10-4

1.5x10-4

2.0x10-4

2.5x10-4

In
fu

si
o

n
 R

at
e 

(m
l/s

ec
)

λ (mmHg)

(d)

FIGURE 6. Numerical simulations of flow rate as a function of λ for different values of α and infusion pressure Pinf. In each panel,
Pinf (mmHg) is equal 28, 32, 40, 50, 60, 70, 85, or 100 whereas α is fixed at (a) 0, (b) 1/3, (c) 1.5/3.0, or (d) 2.5/3.0. The threshold
pressure Pt in all panels is equal to 25 mmHg.

in the Materials and Methods section, was a sigmoidal func-
tion of λ if α > 1/3 but decreased rapidly with increasing λ

if α ≤ 1/3 (data not shown). For all values of α, Kapp → H
as λ → ∞ .

The threshold pressure (Pt) is another important factor
in characterizing the intratumoral infusion. Fluid cannot be
infused into the tissue until Pinf > Pt. This phenomenon has
also been observed in previous studies.19,41 Mechanisms
for the existence of threshold pressure are still unknown
although we hypothesized in the poroelastic model that
the needle insertion-induced tissue compression around the
needle tip could be a potential mechanism. Other mecha-
nisms were likely to be related to the elevated IFP14 and
disconnectedness of aqueous pathways in tumor tissues.38

These mechanisms need to be investigated systematically
in future studies.

In summary, our data demonstrated that structures of
tumor tissues have significant effects on intratumoral infu-
sion. A threshold pressure must first be overcome to open
aqueous pathways for convective transport. The nonlinear-
ity in the relationship between infusion rate and infusion
pressure was caused by tissue deformation-induced changes
in hydraulic conductivity. The collagen concentration might

be a dominant factor for determining tissue deformation-
induced changes in hydraulic conductivity. In tumors with
higher collagen concentrations, infusion at a higher pres-
sure might not necessarily result in more drug delivery, but
would in fact, decrease it. These results may be useful for
further investigations of intratumoral infusion of drugs and
genes.
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