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Abstract Oxygen supply plays a central role in cancer cell
proliferation. While vascular density increases at the early
stages of carcinogenesis, mechanical solid stresses devel-
oped during growth compress tumor blood vessels and, thus,
drastically reduce not only the supply of oxygen, but also
the delivery of drugs at inner tumor regions. Among other
effects, hypoxia and reduced drug delivery compromise the
efficacy of radiation and chemo/nanotherapy, respectively.
In the present study, we developed a mathematical model
of tumor growth to investigate the interconnections among
tumor oxygenation that supports cancer cell proliferation, the
heterogeneous accumulation of mechanical stresses owing to
tumor growth, the non-uniform compression of intratumoral
blood vessels due to the mechanical stresses, and the insuf-
ficient delivery of oxygen and therapeutic agents because of
vessel compression. We found that the high vascular den-
sity and increased cancer cell proliferation often observed
in the periphery compared to the interior of a tumor can
be attributed to heterogeneous solid stress accumulation.
Highly vascularized peripheral regions are also associated
with greater oxygenation compared with the compressed,
less vascularized inner regions. We also modeled the deliv-
ery of drugs of two distinct sizes, namely chemotherapy and
nanomedicine. Model predictions suggest that drug delivery
is affected negatively by vessel compression independently
of the size of the therapeutic agent. Finally, we demonstrated
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the applicability of our model to actual geometries, employ-
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1 Introduction

Sufficient tissue oxygenation is required for continuous
proliferation of cancer cells. Accumulation of mechanical
stresses within structural components of the tumor microen-
vironment, however, compresses intratumoral blood vessels
reducing drastically oxygen supply and leading to hypoxia
and necrosis (Griffon-Etienne et al. 1999; Padera et al. 2004;
Stylianopoulos et al. 2012, 2013). Furthermore, vessel com-
pression reduces blood flow, which decreases the delivery of
drugs compromising therapeutic outcomes (Chauhan et al.
2013; Jain 2013, 2014; Jain et al. 2014). Indeed, the growth
of a tumor in the confined space of the host (normal) tis-
sue results in the generation of external stresses exerted by
the host tissue on the tumor, and the accumulation of inter-
nal solid stresses due to elastic interactions among tumor
structural components (Skalak et al. 1996). Apart from com-
pression of intratumoral vessels, which indirectly affects
tumor growth through reduction in oxygen supply, these
stresses are also exerted directly on cancer cells increasing
their apoptotic rate and reducing their proliferation (Helm-
linger et al. 1997; Kaufman et al. 2005; Cheng et al. 2009;
Demou 2010; Tse et al. 2012; Desmaison et al. 2013; Delarue
et al. 2014). In previous research, we estimated the growth-
induced stresses, retained as ‘“residual stresses,” to be in
the range of 1.3—13.3 kPa (10-100 mmHg), high enough to
collapse blood and lymphatic vessels (Stylianopoulos et al.
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2012). We also found both experimentally and with the use
of mathematical modeling that solid stresses are compres-
sive at the interior of the tumor and tensile at the peripheral
host tissue (Stylianopoulos et al. 2013). Consequently, the
large amount of compressed vessels in the tumor often ren-
ders its interior hypo-vascular and hypo-perfused, which, in
turn, should also cause non-uniform delivery of drugs to the
tumor site and heterogeneous treatment.

The contribution of the mechanical microenvironment on
tumor progression has been well recognized, and biomechan-
ical models of tumor growth have been developed to take
into account the generation and accumulation of mechani-
cal stresses in tumors (Ambrosi and Mollica 2002; Byrne
and Preziosi 2003; Roose et al. 2003; Sarntinoranont et al.
2003; Kim et al. 2011; Ciarletta 2013; Ciarletta et al. 2013).
Many of these models account for the direct effect of solid
stress on cancer cell proliferation, but the indirect effect of
stress on vessel compression is not well studied (MacLaurin
et al. 2012), particularly its role in tumor progression and
drug delivery. In the present study, we built on established
modeling strategies, to develop a finite elements mathemati-
cal model that accounts for both direct and indirect effects of
solid stress on tumor growth, as well as for the barriers posed
by solid stress on the delivery and efficacy of chemo- and nan-
otherapies. Model predictions highlight the interdependence
between oxygen supply, cancer cell proliferation, accumula-
tion of solid stress, compression of blood vessels, reduction
in vascular density, and formation of hypoxia. Furthermore,
we also studied how the concentration of drugs is hindered
by solid stresses. We applied the model to two cases: The first
case accounted for chemotherapy treatment and the second
case accounted for a nanocarrier containing chemotherapy.
Finally, our mathematical framework was implemented on
an actual breast tumor model in order to assess its applicabil-
ity to real geometries and its capability in addressing realistic
tumor growth cases.

2 Materials and methods
2.1 Description of the mathematical model

The mathematical model accounted for the growth of a spher-
ical tumor surrounded by normal tissue. To describe the
tumor’s kinematics, we used the multiplicative decomposi-
tion of the deformation gradient tensor

F = F.F,. €))]
In this fashion, the total deformation F of an infinitesimal
material element is accounted for by local, non-stress-

generating volumetric growth (Fg) with respect to the
reference (stress-free) configuration, followed by an elastic

@ Springer

deformation (F.) related to the stress response of the material
that maintains continuity of the body and geometric com-
patibility between growing material elements (Rodriguez
et al. 1994; Skalak et al. 1996; Ambrosi and Mollica 2002).
The growth component Fy was set to be homogenous and
isotropic (Roose et al. 2003; Kim et al. 2011; Stylianopoulos
et al. 2013)

F, = Al 2)

where Ay is the growth stretch ratio, which accounts for
cancer cell proliferation. The elastic component F, of the
deformation gradient tensor is determined from Eq. (1) as

F. =FF,'. 3)
2.2 Calculation of growth stretch ratio A,

We calculated the growth rate of the tumor taking into
account the oxygen concentration as well as the direct effect
of solid stresses on reducing cancer cell proliferation in accor-
dance with previous studies (Roose et al. 2003; Kim et al.
2011; MacLaurin et al. 2012; Voutouri and Stylianopoulos
2014). In particular, we used the expression

dx 1
d_tg = gG (14 BG) Sy@° (1 — @°) Ay, 4)

where 6 = tro®/3 = (0, + 0pg + 0ypy)/3 is the average
(bulk) of the solid Cauchy stress a°, B is a constant that
describes the dependence of growth on solid stress, and @°¢
is the volume fraction of the solid phase of the tumor. It was
further assumed that only compressive solid stress inhibits
tumor growth (Helmlinger et al. 1997; Cheng et al. 2009);
therefore, we considered the term (1 4 B0°) to be positive but
less than unity when the bulk stress was compressive and set
it equal to unity when the bulk stress was tensile. The experi-
mentally observed dependence of the volumetric growth rate
on the local oxygen concentration is described by G and has
the form (Casciari et al. 1992a,b)

kicox

- x| 5
ky + cox ©)

where ki and ky are growth rate parameters and cox is the
oxygen concentration. Finally, to account for the effect of
drug delivery on growth, the fraction of survived cells S is
included in Eq. (4), so that in the absence of drugs St equals
unity. The fraction of survived cells with respect to drug con-
centration has been previously measured experimentally for
doxorubicin (Kerr et al. 1986), and the results were fitted to
an exponential expression as a function of the internalized
chemotherapy concentration cipy, i.€.,
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St = exp(—Cint), (6)
where o is a fitting parameter defined in (Eikenberry 2009).

2.3 Biphasic formulation of the tumor’s mechanical
behavior

The conservation of the tumor’s solid and fluid phase is given
by the following mass balance equations (Roose et al. 2003;
Voutouri and Stylianopoulos 2014)

C
V(o) = 5 ™)
dof
— -tV (@V) =0, ®)

where ®@° and @' are the volume fractions of the solid and
fluid phases, respectively, and v*, v! are the corresponding
velocities. In the case of isotropic volumetric growth assumed
herein, the growth stretch ratio and the creation/degradation
rate of the solid phase S¢ on the right-hand side of Eq. (7)
are related by (Ambrosi and Mollica 2002)

1 dig
—— =5 9
Ag df ©

In view of Egs. (4) and (9), it follows that
SC=G 1+ Bo) Sgd° (1 — cbc) . (10)

The term Q on the right-hand side of Eq. (8) denotes the fluid
flux entering from the blood vessels into the tumor or the sur-
rounding normal tissue minus the fluid flux exiting through
lymphatic vessels, and is expressed as (Stylianopoulos et al.
2013)

Q= LpSy(py — pi) — LpiSui (pi — p) (1)

where L, Sy, and py are the hydraulic conductivity, vascular
density, and vascular pressure, respectively, Lpl, Sy and p
are the corresponding quantities for lymphatic vessels, and
pi is the interstitial fluid pressure. In our biphasic formula-
tion, the sum of the solid and fluid volume fractions of tissue
equals unity and it follows that

of =1 - o (12)

Furthermore, summing Egs. (7) and (8), the mass balance
reads

V. (@CVS—i—(Dfo) — 0+, (13)

where the fluid velocity v' is given by Darcy’s law (Byrne

and Preziosi 2003)

' (V' =) =—kaVp = V= —gf Py,
(14)

with kg, the hydraulic conductivity of the interstitial space
(Stylianopoulos et al. 2008).

According to the biphasic theory for soft tissues (Mow
et al. 1980), the total stress tensor o o is the sum of the fluid
phase stress tensor 6! = —p;I and the solid phase stress

tensor o°. As a result, the stress balance is written as
Voo =0=V-(0°— pl) =0, (15)

where the Cauchy stress tensor of the solid phase o® is given
by (Taber 2008)

o' =J;'Fe (16)

FT
The tumor mechanical behavior was modeled to be nearly
incompressible and described by the modified neo-Hookean
strain energy density function (Xu etal. 2009, 2010; Voutouri
et al. 2014)

2

W= Su(=3 1)~ ple — 1) — L (17
where i and k are the shear and bulk modulus of the material,
respectively, J. is the determinant of the elastic deformation
gradient tensor Fe, I} = I Jefz/ 3 where I} = trC, is the
first invariant of the elastic Cauchy—Green deformation ten-
sor C; = FCT F., p is a Lagrange multiplier enforcing the
material constraint, and the third term on the right-hand side
of Eq. (17) is a penalty term introduced for nearly incom-
pressible materials that regularizes the constraint involved
in the second term (Holzapfel 2000). The surrounding nor-
mal tissue was assumed to be compressible and neo-Hookean
with a Poisson ratio of 0.2. Values for all parameters above

are provided in Table 1 and Supplementary Table 1.

2.4 Vascular density

To quantify the vascular density, we consider thatitis affected
independently by both solid stress and angiogenesis. To
incorporate the effect of the former, we considered the vas-
cular density as the vascular surface area S per unit volume,
with S given by

S=mndLN, (18)

where d, L, and N are the diameter, length, and number
of vessels, respectively. Assuming that solid stress does not
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Table 1 Parameter values used in the model

Parameter Description Value References
I Shear modulus 5.00 kPa for host tissue; 10.40 kPa Netti et al. (2000), Samani et al. (2007),
for tumor Eder et al. (2014)
k Bulk modulus 6.67 kPa for host tissue; 10.40 x 107 Netti et al. (2000), Samani et al. (2007),
kPa for tumor Eder et al. (2014)
kn Hydraulic conductivity 1 x 107 2m2 Pa~! day~! Netti et al. (2000)
B Growth stress dependence 0.000025 Pa~! Voutouri et al. (2014)
Ciox Initial oxygen concentration 0.2molm~3 Casciari et al. (1992a)
Dox Oxygen diffusion coefficient 1.55 x 10~*m? day’1 Kim et al. (2011)
Aox Oxygen uptake 2200 mol m—3 daly*l Casciari et al. (1992a), Kim et al. (2011)
kox Oxygen uptake 0.00464 mol m—3 Casciari et al. (1992a), Kim et al. (2011)
k1 Growth rate parameter 6000 day ! —
ko Growth rate parameter 0.0083 molm—3 Casciari et al. (1992a)
Ce Receptor concentration 0.01 molm—3 Mok et al. (2009), Schmidt and Wittrup
(2009)
(2] Volume fraction of tumor accessible todrug 0.3 for 1 nm drug; 0.06 for 50 nm drug Mok et al. (2009), Schmidt and Wittrup
(2009)
kon Binding rate 1.296 x 10°m?® mol~! day~! Mok et al. (2009), Schmidt and Wittrup
(2009)
koff Dissociation rate 691.2 daly_l Mok et al. (2009), Schmidt and Wittrup
(2009)
Kint Internalization rate 3.7 d.a\y*l Mok et al. (2009), Schmidt and Wittrup
(2009)
kel Chemotherapy release rate 0.181 day ! Wong et al. (2011)
a Chemotherapy molecules contained in  10% Dawidczyk et al. (2014)
nanocarrier
D¢ Drug diffusion coefficient 8.64 x 107%m? day~! for 1 nm drug; 8.64 Pluen et al. (2001)
x 1078m? day ! for 50 nm drug
w Cell survival constant 0.6603 m? /mol Eikenberry (2009)
kq Blood circulation decay 0.417 day~! Chauhan et al. (2012)

affect the number or length of vessels, but only their diameter,
the change in vascular density due to vessel compression is
expressed as

Sv(6) = (d/do) Svo, (19)

where Sy and dy are the vascular density and vessel diameter
values when no compression is applied. The changes in the
ratio d/dy were determined as follows. We performed sim-
ulations in which we modeled a tumor blood vessel with a
length of 100 m and diameter of 30 pum embedded in a solid
tumor (Supplementary Fig. 1a). We increased the uniform
stress exerted on the vessel wall and calculated the relative
decrease in the diameter of the vessel (Supplementary Fig.
1b). The vessel wall was assumed to be neo-Hookean, with
the same material properties as the normal tissue, given in
Table 1. When the stress of the solid matrix exceeded a critical
value, the vessel became unstable and collapsed. We calcu-
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lated the critical stress for the collapse of the tumor blood
vessels to be —10.04 kPa and fitted the results of the simula-
tions to a second-order polynomial function of the ratio d /dy
(Supplementary Fig. 1b).

To incorporate the effect of angiogenesis, we assumed for
our model the growth of a murine tumor and set the initial
vascular density of the host tissue to Syg = 70cm™ ! whereas
in the tumor Sy was taken to follow a linear increase from
70 cm~! at Day O to the value of 200 cm ™! at Day 10 (Baxter
and Jain 1989; Stylianopoulos et al. 2013).

Finally, when the critical values of stress that caused vessel
collapse were reached, it was further assumed that vascular
density became zero within a period of two days.

2.5 Oxygen concentration

The rate of change of oxygen in tissues depends on its trans-
port through convection and diffusion, minus the amount of
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oxygen consumed by cells, plus the amount that enters the
tissue from the blood vessels (Roose et al. 2003; Kim et al.
2011), i.e.,

0Cox f 2 AoxCox
+v-(c v):D V2oy — XX g pe
a7 O ox 00X Cox + kox f
+ PerSv (Ciox — Cox) (20)

where Dy is the diffusion coefficient of oxygen in the inter-
stitial space, Aox and kox are oxygen uptake parameters, Py
is the vascular permeability of oxygen that describes diffu-
sion across the tumor vessel wall, and Cjox is the oxygen
concentration in the vessels.

2.6 Drug transport
2.6.1 Delivery of chemotherapy

We assumed that chemotherapy affects the growth of the
tumor by killing cancer cells but has no effect on endothelial
cells and the tumor vascular density. The chemotherapeutic
agent can exist in three distinct states: travel free in the inter-
stitial space (cr), bind to cancer cells (cy,), and internalized
by cells (cint). Hence, drug transport in the interstitial space
is expressed as (Stylianopoulos and Jain 2013)

dcr £ 2 koncect
9 L y. ( ) = D¢V - =

Py + CcfvV £ cf + Qsta &

+ kot Cp, 21

dch konCect
E +V. (vas) =t koffcb - kintcints
acj .

altm =+ V. (CimVs) = kil’ltcb’

where Dy is the diffusion coefficient of the drug in the
tumor interstitial space, c. is the concentration of cell surface
receptors, kon, koff, and kin; are the association (binding),
dissociation, and internalization rate constants of the drug
with the cells, respectively, and @ is the volume fraction of
tumor accessible to the drug. The term Qg, on the right-hand
side of Eq. (21); denotes the transport of the drug across the
tumor vessel wall and is given by Starling’s approximation
as (Stylianopoulos and Jain 2013)

Osta = PerSy (Civ — ¢f) + LpSv (Py — pi) (1 — o¢) Ciy,
(22)

where L is the hydraulic conductivity of the vessel wall,
Ciy = exp(—(t — t9)/kq) is the vascular concentration of
the drug, describing a bolus injection, with 7y the time of
drug injection and kq the blood circulation decay, and oy is
the reflection coefficient. The parameter L, was calculated

as a function of the vessel wall pore radius and the parame-
ters Per and of as a function of the ratio of the drug radius
to the radius of the pores of the vessel wall (Deen 1987).
A detailed description of these calculations is given in the
Supplementary Material.

2.6.2 Delivery of nanotherapy

In the case of the delivery of a nanoparticle carrier (c) con-
taining the chemotherapy, the transport equations (21) are
modified as

ac
8_tn + V. (Can) = Dnvzcn + Osta — kercn,
d . k
% +V. (Cth) = D¢Vt + akeicn — “on®ect
+ kot Cp, (23)

dcp koncCeCt
W + V. (Csz) =2 _ kotfcb — KintCint,
acj .

altm + V- (cineV*) = kintcp,

where kg is the chemotherapy release rate constant and o
is the number of chemotherapy molecules contained in the
nanocarrier.

2.7 Solution strategy

The model consists of a spherical tumor domain with initial
diameter of 500 wm, embedded at the center of a cubic host
domain two orders of magnitude larger to avoid any bound-
ary effects on the growth of the tumor; due to symmetry, only
one-eighth of the system was considered (Fig. 1). We simu-
lated a murine tumor that grows within a period of 10 days.
To this end, Egs. (1)—(23) were solved simultaneously using

n-o=0
¢, =0.2(mol/m?)
¢, =0 (mol/m?)
N
I \
¥
n-og=0
- «|-
n-u=0--> c,, =0.2(mol/m’)
n-(DVc +vc,) =0 Normal Tissue _ 3
@ ¢, =0 (mol/m")
n-(D, Ve +v'c,)=0
\*
Tumor N

n-u=0
n(D.ve +v'c,)=0
n(D Ve, + vfc, )=0

Fig. 1 Geometry of the computational domain and boundary condi-
tions employed
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the commercial finite element software COMSOL Multi-
physics (COMSOL, Inc., Burlington, MA, USA). Values for
the model parameters are provided in Table 1 and Supple-
mentary Table 1. The boundary conditions employed are
illustrated in Fig. 1. The boundary conditions for the con-
tinuity of the stress and displacement fields, as well as the
concentration of the oxygen and the drug at the interface
between the tumor and the normal tissue, were applied auto-
matically by the software.

2.8 MRI-based tumor model

For the extraction of the computational mesh of the human
breast, a T2-weighted stack of magnetic resonance (MR)
images was imported in ScanIP (Simpleware Ltd, Exeter,
UK). Subsequently, a thresholding operation was applied
to allow the segmentation of the breast from the images,
followed by cavity filling, island removal, and Gaussian
smoothing (sigma = 1) to optimize the resulting mask.
Finally, a second mask was manually created in a region cen-
trally located, 35 mm behind the nipple, to act as the tumor
in the simulation setup. The mesh was extracted using the FE
Free algorithm of Simpleware and tetrahedral elements. The
total number of finite elements comprising the model was

Fig. 2 Sagittal (a), coronal (b),
and axial (¢) views of the
acquired breast MR images. d
Three-dimensional
representation of the extracted
mesh. The red colored region
represents the position of the
initial tumor seed

@ Springer

557,818 (Fig. 2). In terms of the solution strategy, the mate-
rial properties and boundary conditions were taken to be the
same as described previously, except from boundary condi-
tions of the stress and displacement fields where no symmetry
was exploited. Hence, the breast surface was allowed to move
freely while the posterior part, which is adjacent to the chest
cavity, was fixed.

3 Results

3.1 Magnitude of solid stress is higher at the tumor
interior compared with the periphery

Growth-induced expansion of the tumor results in generation
of stresses and displacement of the tumor and the surround-
ing host tissue (Supplementary Fig. 2). Solid stresses are
compressive inside the tumor and spatially heterogeneous.
Figure 3 depicts the circumferential (Fig. 3a) and radial
(Fig. 3b) components of the solid stress at the center of tumor
and at the periphery, as a function of time. The magnitude of
the compressive stress is higher at the center compared with
the periphery of the tumor resulting in heterogeneous stress
distribution.

(d)
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&

Fig. 3 Circumferential and radial solid stress profile at the center and
the periphery of the tumor. Stresses are higher in the center of the tumor
compared with the periphery

3.2 Heterogeneous stress distribution results in
non-uniform tumor oxygenation and cancer cell
proliferation

The heterogeneous distribution of solid stress observed in
Fig. 3 will result in heterogeneous compression of blood
vessels and, thus, heterogeneous vascular density inside the
tumor. Figure 4a presents the spatial profile of vascular den-
sity at three time points. At the initial stages of tumor growth
(Day 1), vascular density is uniform throughout the tumor
and decreases from the interface to reach a normal baseline
value inside the host tissue. Intratumoral vascular density
increases with time owing to tumor-induced angiogenesis,
but as the tumor grows and solid stress is built up in the tis-
sue, tumor vascular density becomes higher at the periphery
compared with the interior of the tumor due to the compres-
sion of blood vessels (Day 4). When solid stress exceeds the
critical value for vessel collapse, vascular density reduces to
values less than that of the normal tissue baseline and the
tumor interior becomes hypo-vascular (Day 7) in agreement
with other models (Stoll et al. 2003).

(a
240 |
£ 200
=
v 160
> | Day 4
Z 120
3
801
5 | \ Day1
5 Day 7 / -
| ay
(>“ 0 :
0 1 2 3 4 5 6
Radial position from tumor center (mm)
®) o
4
c
2 1
5 3
§m’\ ] Day 4
c E 2
83
c € .| I\ Day1
o = 1|
(2]
>
3 o, Day 7 j |
0 1 2 3 4 5 6
Radial position from tumor center (mm)
(c)
= 25
9
© 20
£ \_/_/
§ 15 L Day 7
I Day 4
a
5 10 y
3
Y
= 5
5 Day 1
o
0 1 2 3 4 5 6

Radial position from tumor center (mm)

Fig. 4 Effect of solid stress on vascular density, tumor oxygenation,
and cancer cell proliferation. a Spatial distribution of vascular density at
different time instances (days). Intratumoral vascular density increases
until Day 4 and then decreases following vessel collapse. Itis also higher
at the periphery than the tumor interior and constant in the healthy tissue
away from the interface. After vessel collapse, vascular density is lower
in the tumor interior than the surrounding healthy tissue (Day 7). b The
spatial distribution of oxygen concentration at different time instances
follows the same profile as vascular density. Vertical line segments in
a, b denote the position of the tumor—host tissue interface at the given
time instance. ¢ Spatial distribution of proliferation stretch during tumor
growth. Larger oxygen concentrations at the tumor periphery eventually
lead to higher values of cell proliferation than in the interior
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Tumor oxygenation requires a sufficient vascular network.
The spatial distribution of oxygen at different days presents
a profile similar to that of the vascular density (Fig. 4b).
Prior to vessel collapse, tumor tissue is well oxygenated but
becomes hypoxic when blood vessels are blocked. These
results suggest that hypoxia, a hallmark of tumor patho-
physiology that regulates the expression of several biological
factors (e.g., hypoxia inducible factors, vascular endothelial
growth factors), can be attributed to the effect of mechanical
stress. Furthermore, larger oxygen concentrations and lower
stresses at the tumor periphery gradually lead to higher val-
ues of cancer cell proliferation as suggested by the spatial
profile of the proliferation stretch ratio Ag (Fig. 4c) and in
accordance with published experimental data (Cheng et al.
2009; Stylianopoulos et al. 2013).

3.3 Solid stress accumulation inhibits the delivery
of drugs

To investigate the extent to which solid stress inhibits drug
delivery, we modeled the intratumoral transport of two sys-
tems: (i) chemotherapy alone and (ii) a nanoparticle delivery
system where the chemotherapy was contained in a nanocar-
rier and was released in a controlled fashion. We modeled
the drug administration as a bolus injection, performed either
before (Day 3) or after (Day 6) vessel collapse, which took
place on Day 5.1, when solid stress reaches the critical value.
In the case of the chemotherapy, the size of the drug was taken
to be 1 nm and the radius of the pores of the vessel wall var-
ied from the normal value of 3.5nm at Day O to the value
of 120nm at Day 10, accounting for the increased perme-
ability of tumor blood vessels (Hobbs et al. 1998). For the
case of the nanoparticle, its size was 100nm and to ensure
its extravasation from the pores of the vessel wall simula-
tions were performed for two pore sizes: 200 and 600 nm,
respectively.

The spatial distribution of the drug concentration internal-
ized by cancer cells when the drug was administered prior to
vessel collapse is shown in Fig. 5a, b. For both drug delivery
cases, the concentration of the internalized drug is lower in
the center of the tumor compared with the periphery. Inside
the normal tissue, the concentration of the drug for the case
of chemotherapy alone is lower than in the tumor interior
owing to the assumption of higher vascular density inside
the tumor. In the case of nanotherapy, there is leakage of
drug from the tumor to the surrounding normal tissue owing
to the fluid pressure difference between the two tissues (Sup-
plementary Fig. 3); however, the concentration of the drug
becomes negligible away from the tumor because of selec-
tive extravasation of the nanocarrier through the leaky tumor
vessels. When the drug is administered following vessel col-
lapse (Fig. 5c, d), the concentration of the internalized drug
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decreases drastically, in accordance with experimental stud-
ies (Chauhan et al. 2013).

Figure 6a, b depicts the temporal variation in the con-
centration of internalized drug administered prior to vessel
collapse and of the fraction of survived cells, respectively,
at the center of the tumor for chemotherapy and for nan-
otherapy. The first graph reveals the dependence of drug
efficacy on the size of the delivery system. In particular,
significantly less drug concentration is observed for nanoth-
erapy with 200nm pores compared with nanotherapy with
600nm pores, or chemotherapy. On the other hand, in the
second graph, more cells are observed to survive in the case
of nanotherapy when the pores are 200nm, due to smaller
drug concentration. An increase in vessel wall pore size can
significantly improve the delivery of nanocarriers and have
a more profound effect on the fraction of cell survival.

3.4 Application of the mathematical framework in a
real geometry of breast tumor

To test the applicability of the model to a real geometry,
we implemented our mathematical framework to a breast
tumor model based on MR images. Such an implementa-
tion demonstrates the ability of the setup to produce accurate
results without exploiting symmetries, while maintaining its
stability in complex, irregular meshes with an increased num-
ber of degrees of freedom and actual material properties. As
the tumor volume increases (Fig. 7a), the values of the dis-
placements in the anterior and cranio-caudal directions of
the breast become higher since these boundaries are free to
deform (Fig. 7b). Similar to the simple geometry, stresses
are compressive inside the tumor and tensile at the interface
with the normal tissue (Fig. 7¢). Furthermore, the interstitial
fluid pressure is uniform in the tumor interior and drops to
normal tissue values at the periphery (Fig. 7d). Finally, as in
the simple geometry, the breast tumor model predicts that the
reduction in vascular density leads to hypoxia (Fig. 7e).

4 Discussion

The evolution of solid stresses has a strong impact on tumor
growth. In the present study, we investigated the interplay
between tumor oxygenation, cancer cell proliferation, and
accumulation of solid stresses and their effect on the delivery
of therapeutic agents. Specifically, we showed that hetero-
geneous accumulation of stresses results in heterogeneous
distribution of vascular density, with higher values at the
periphery and lower at the center of the tumor. The hypo-
vascular interior of the tumor results in hypoxia, which
reduces cancer cell proliferation, and inefficient delivery of
drugs, which affects the efficacy of the treatment. Our results
highlight the importance of alleviation of these solid stresses
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Fig. 5 Intratumoral distribution of internalized drug concentration
when the drug is administered before vessel collapse: a chemother-
apy alone; b nanoparticle delivery system. Intratumoral distribution of
internalized drug concentration when the drug is administered after ves-
sel collapse: ¢ chemotherapy alone; d nanoparticle delivery system. All

with stress-alleviating agents in order to decompress blood
vessels and improve tumor oxygenation, drug delivery, and
efficacy of chemotherapy. This stress alleviation strategy has
been recently applied successfully in preclinical models and
has been shown to improve the delivery of both chemother-
apeutic agents and nanoparticles (Provenzano et al. 2012;
Chauhan et al. 2013).

Several simplifying assumptions were made in the present
study. In particular, vessel collapse was assumed to occur
at the same critical stress value, and vascular pressure was
taken to be the same throughout the tumor and unaffected
by vessel compression. In a real situation, blood vessels do
not collapse concurrently and vascular pressure depends on
the structure of the vascular network, the degree of vessel
compression, as well as the permeability of the vessels, and
decreases as we move from upstream to downstream ves-
sels. Furthermore, vessel collapse is not equally observed
in all tumor types, and all tumors are not hypo-vascular.
Tumors with abundant collapsed vessels are found in highly
desmoplastic cancers, such as pancreatic and breast can-
cers and various sarcomas (Chauhan et al. 2013). However,
vessel compression is a hallmark of tumor pathophysiology
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concentrations have been rendered dimensionless after division with
the initial vascular concentration. Vertical line segments in all panels
denote the position of the tumor-host tissue interface at the given time
instance

and should be observed in most tumor types (Padera et al.
2004; Stylianopoulos et al. 2013). Most of the model parame-
ters were obtained from previous models and experimental
data from literature; in the absence of data, some parame-
ter values were chosen ad hoc. Despite this arbitrariness,
the model predictions are reasonable, physiologically fea-
sible and consistent with experimental observations, where
available. Therefore, modifying any of the aforementioned
assumptions would only alter the results quantitatively, and
it would not affect our general conclusions, in particular, that
heterogeneous accumulation of solid stress regulates tissue
oxygenation, cancer cell proliferation, and drug delivery.
Our mathematical approach is also subject to certain
limitations. Specifically, the tumor was set to be near incom-
pressible and proliferating in an isotropic fashion, which
might not be true given the highly heterogeneous nature of
solid tumors. On the other hand, the adoption of isotropic
growth is a common approximation in the literature, and
we consider it sufficient for the purposes of the present
study in the sense that it offers simplicity and mathematical
transparency, and it does not prevent the emergence of hetero-
geneous distributions and the agreement with experimental
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observations. Furthermore, the model can easily be modified
to accommodate non-isotropic growth. In the model, vessel
collapse resulted in a contemporary shutdown of all intra-
tumoral vessels at a certain instant. This can be considered
a reasonable assumption for murine desmoplastic tumors in
which the majority of blood vessels are rendered not func-
tional from the early stages of carcinogenesis (Padera et al.
2004; Chauhan et al. 2013). In addition, the model does not
account for vessel deformation in the extratumoral region.
In the past, we have shown that peritumoral blood vessels
do not collapse but deform to ellipsoid shapes (Stylianopou-
los et al. 2013). For the sake of simplicity, the model also
does not take into account the kinematic contribution of
cell reorganization due to stress buildup. Such a contribu-
tion can be implemented by including an additional (plastic)
part in the decomposition of the total deformation gradient
tensor, corresponding to the rearrangement of cellular adhe-
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sion bonds without change of mass in the volume element
(Ambrosi and Preziosi 2009; Giverso and Preziosi 2013).
As most biological tissues, tumors have a complex and het-
erogeneous structure so that the use of the neo-Hookean
constitutive equation might not be sufficient to fully describe
their mechanical response. However, in previous research we
showed that the state of stress of a tumor is largely determined
by the properties of the host tissue and not from the consti-
tutive equation that is used (Voutouri et al. 2014). Finally,
we did not account for biological parameters affecting tumor
progression, such as the role of vascular endothelial growth
factor (VEGF) on tumor-induced angiogenesis or changes in
the amount of collagen and other extracellular proteins owing
to a desmoplastic response often observed in tumors, which
would change the mechanical properties of the tissue during
growth. Incorporation of these parameters is not expected to
change our results qualitatively.
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Fig. 7 a Three-dimensional representation of the computational
domain showing the final breast tumor size. b Total displacements map

with higher tumor displacements observed in the anterior and cranio-
caudal directions of the breast. ¢ Solid stress is compressive in the
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