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ABSTRACT
To have the desired therapeutic effect, nanomedicines and macromolecular medications must move 
from the site of injection to the site of action, without having adverse effects. Transvascular transport is 
a critical step of this navigation, as exemplified by the Enhanced Permeability and Retention (EPR) effect 
in solid tumors, not found in normal organs. Numerous studies have concluded that passive, diffusion- 
and convection-based transport predominates over active, cellular mechanisms in this effect. However, 
recent work using a new approach reevaluated this principle by comparing tumors with or without 
fixation and concluded the opposite. Here, we address the controversy generated by this new approach 
by reporting evidence from experimental investigations and computer simulations that separate the 
contributions of active and passive transport. Our findings indicate that tissue fixation reduces passive 
transport as well as active transport, indicating the need for new methods to distinguish the relative 
contributions of passive and active transport.

GRAPHICAL ABSTRACT

Introduction

Transvascular transport, the movement of molecules and par-
ticles from blood vessels into tissues, is a critical step regulat-
ing the efficacy of cancer nanomedicines and macromolecular 
therapies (Jain & Stylianopoulos, 2010). The biodistribution 
and intratumor delivery of drugs are thought to strongly 
influence antitumor effects. Furthermore, understanding the 
kinetics and mechanism of transport can guide the design of 

nanoparticles’ physicochemical properties and controlled 
release. Transvascular transport has been studied in many 
contexts, with early studies providing evidence that transvas-
cular transport of molecules and nanoparticles in tumors 
occurs primarily by passive transport involving diffusion and/
or convection (Gerlowski & Jain, 1986; Matsumura & Maeda, 
1986; Yuan et  al., 1993, 1995, 1996; Fukumura et  al., 1997; 
Hobbs et  al., 1998; Cabral et  al., 2011; Chauhan et  al., 2012; 
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Lu et  al., 2020). Active transport occurs in neuropilin-1/iRGD 
peptide regulated transport (Liu et  al., 2017), albumin trans-
port by the endothelial gp60 receptor (Desai et  al., 2006), 
and multiple other contexts. Recent studies have sought to 
reevaluate the extent to which active transport processes, as 
in trafficking through living cells, contribute to the transport 
of nanoscale species such as nanoparticles. The Zombie 
model was developed to quantify the contribution of active 
transport (Sindhwani et  al., 2020). This model involves fixa-
tion of entire mice by cross-linking fixatives, with the aim of 
stopping cellular activity and thereby eliminating active 
transport. Transvascular transport is then compared in live 
and Zombie model mice. Transport in living mice is the sum 
of active and passive processes, whereas transport in the 
Zombie model is posited to represent only passive transport. 
The model has since been used in several studies to parse 
the contributions of passive and active transport in murine 
tumors (Chen et  al., 2023; Zhu et  al., 2023). The critical 
assumption made in these studies is that passive transport is 
unaffected by cross-linking fixatives. However, the rationale 
and justification for this assumption have been questioned 
(Crist et  al., 2021; Skotland & Sandvig, 2021; Dasgupta et  al., 
2024). Here, we sought to address this controversy by deter-
mining how cross-linking fixatives affect the relative contribu-
tion of passive forces to interstitial and transvascular transport 
in tumor tissue.

Materials and methods

Cell culture

4T1 (ATCC® CRL-2539™) mouse breast adenocarcinoma cell line 
was purchased form ATCC. The cells were maintained at 
37 °C/5% CO2 in Roswell Park Memorial Institute medium 
(RPMI-1640, LM-R1637, biosera) supplemented with 10% fetal 
bovine serum (FBS, FB-1001H, biosera) and 1% antibiotics 
(A5955, Sigma).

Syngeneic tumor model

An orthotopic model for murine mammary tumors was gen-
erated by implantation of 5 × 104 4T1 cancer cells in 40 μl of 
serum-free medium into the third mammary fat pad of 
6–8-week-old BALB/c female mice. Ten (10) mice were used 
for this experiment. 4T1 tumors were excised when they 
reached an average size of 200 mm3 (12 days post implanta-
tion), washed in 1x PBS for 20 minutes, fixed by immersion in 
4% PFA overnight at 4 °C and washed again in 1x PBS for 
20 minutes before the mechanical testing experiment.

Calculation of hydraulic conductivity

The standard biphasic model of soft tissue biomechanics 
used (Mow et  al., 1980) accounted for both the solid compo-
nents (cells and extracellular matrix) and the fluid phase 
(interstitial fluid) of the tumor (Stylianopoulos et  al., 2013). 
The solid phase stress, σσ s

, was modeled as a neo-Hookean 
material with elastic modulus values derived from stress-strain 

experiments, assuming a Poisson’s ratio of ν = 0.45 
(Stylianopoulos et  al., 2013). The fluid phase was assumed to 
be inviscid (i.e. ideal fluid) with the fluid stress given by 
σσ f p= − I, where p the interstitial fluid pressure. The interstitial 
fluid velocity was governed by Darcy’s law, stating that the 
velocity is proportional to the pressure gradient of the inter-
stitial fluid, with the hydraulic conductivity of the interstitial 
space serving as the proportionality constant, i.e. v K pf

th� � �
. The governing equations are: the momentum balance: 
∇⋅ −( ) =σσ s

pI 0 and the mass conservation �� � � �v K ps
th

2 0 . 
The model was implemented in the finite elements’ commer-
cial software COMSOL Multiphysics (COMSOL, Inc., Burlington, 
MA). The stress relaxation experiment was simulated using 
the mathematical model and model predictions were fitted 
to the experimental data by varying the hydraulic conductiv-
ity, Kth, of the tumor interstitial space (Papageorgis et  al., 
2017; Polydorou et  al., 2017). From the fitting, the value of 
the hydraulic conductivity was determined.

Quantification of elastic modulus and hydraulic 
conductivity

Tumors were excised from animals and tissue specimens of 
3 × 3 × 2 mm (length × width × thickness) were loaded on a 
high precision mechanical testing system (Instron, 5944, 
Norwood, MA, USA). For the measurement of the elastic 
modulus, the specimens were placed between two platens 
and were compressed to a final strain of 20% with a strain 
rate of 0.05 mm/min. The elastic modulus was calculated 
from the initial slope of the stress vs strain curve. For the 
determination of the hydraulic conductivity, tumor tissue 
specimens underwent three cycles of compressive stress fol-
lowed by a relaxation period of 10 minutes. In the first cycle, 
the specimen was compressed by 10% for 1 minute and then 
was held for 10 minutes, whereas for the other two cycles the 
specimen was compressed by 5%. Subsequently, the hydrau-
lic conductivity was calculated by fitting the experimental 
stress relaxation data with a biphasic biomechanical model of 
soft tissues (Mpekris et  al., 2015; Angeli & Stylianopoulos, 
2016), using the method described previously (Papageorgis 
et  al., 2017; Polydorou et  al., 2017).

Statistical analysis

GraphPad Prism 9 was used for statistical analyses. The exper-
imental data are presented as the mean ± SE. Unpaired 
two-sided Student’s t-test was used for comparison between 
groups. Statistical significance was defined as p-values < 0.05.

Mathematical modeling of nanoparticle accumulation

We used a previously developed and validated mathematical 
model that describes fluid and macromolecule transport in 
tumors (Jain & Baxter, 1988; Baxter & Jain, 1989, 1990, 
1991a,b). The delivery of the nanoparticles (cn-nanoparticle 
concentration) is given by the interstitial transport equa-
tion below:
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where Dn is the diffusion coefficient of the differently sized 
nanoparticles in the tumor interstitial space according to a 
previous study (Pluen et  al., 2001) and vf is the fluid velocity, 
which depends on the interstitial hydraulic conductivity Kth 
and is given by Darcy’s law (Byrne & Preziosi, 2003):

	 v f th ik p= − ∇ .	 (2)

Qsta denotes the rate of transport of the drug across the 
tumor vessel wall and is given by Baxter & Jain (1989):

	 Q P S C c L S p p Csta V iv n p V V i f iv= ⋅ −( )+ −( ) −( )1 σ ,	 (3)

where Civ is the vascular concentration of the drug and is 
given by the same equation that Sindhwani et  al. used 
(Sindhwani et  al., 2020), SV is the vascular density (value 
adapted from Sindhwani et  al.), LP is the hydraulic conductiv-
ity of the vessel wall, p

V
 is the vascular pressure, pi is the 

interstitial fluid pressure, σf is the reflection coefficient and P 
is the permeability of blood vessels to the drug, given by 
Deen (1987):

	 P
HD

L
=
γ

0
,	 (4)

where γ is the fraction of vessel wall surface area occupied 
by pores, H is a parameter governing hydrodynamic interac-
tions between the nanoparticles and the pores of the vessel 
walls defined later, L is the thickness of the vessel walls and 
D0 is the diffusion coefficient of a particle in free solution at 
310K, given by the Stokes-Einstein relationship

	 D
K T

r

b

s

0

6
=

πη
,	 (5)

where Kb is the Boltzmann constant, T is temperature, η is 
the viscosity of blood and rs the radius of the diffusing 
particle.

The normalized transvascular flux (Yuan et  al., 1994, 1995; 
Chauhan et  al., 2012) was calculated using:
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where Jt is the transvascular flux, C
v
 is the concentration of 

the probe outside the vessel, Peff is the effective permeability, 
t̆  is the time after the initial image, r̆ is the distance from the 
vessel central axis, and R̆ is the vessel radius at that point 
along the vessel.

The hydraulic conductivity of the vessel wall was calcu-
lated from the expression (Deen, 1987):

	 L
r

L
p
=
γ
η
0

2

8
,	 (7)

where r0 is the pore radius. The pore radius was evaluated 
from the value of effective permeability according to a previ-
ous study (Deen, 1987).

The reflection coefficient is given by the equation (Deen, 1987):

	 σ f W= −1 ,	 (8)

where H and W describe hydrodynamic and electrostatic 
interactions. Ignoring electrostatic interactions, H and W are 
reduced to Deen (1987):

	 H
F

K
t

=
6π 	 (9)
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where F is the partition coefficient (Deen, 1987):

	 F = −( )1 2λ 	 (11)

and λ is the ratio of the drug size to the vessel wall pore size.
The coefficients Ks and Kt are determined by Deen (1987):

	
K

K

a

b

t

s n

n

n

n

n









 = −( ) +









 −( )









 +

−

= =
∑9

4
2 1 1 1

2 5 2

1

2

0

π λ λ/
44

3

3

∑ +

+











a

b

n

n

nλ .	 (12)

Solution strategy

To compare the experimental data of the accumulation of 
gold nanoparticles in normal mouse tumors and zombie 
mouse tumors with the mathematical model predictions of 
passive transport, the following approach was taken. The 
geometry of the model consists of a spherical tumor domain 
embedded at the center of a cubic host tissue domain, which 
is two orders of magnitude larger than the tumor to avoid any 
boundary effects on the growth of the tumor (Supplementary 
Figure 1). Due to symmetry, only one eighth of the geometry 
was considered. To this end, equations were solved simultane-
ously using the commercial finite element software COMSOL 
Multiphysics (COMSOL, Inc., Burlington, MA, USA). Values for 
the model parameters are provided in Supplementary Table 1. 
The boundary conditions for the concentration of the nanopar-
ticles at the interface of the tumor and the normal tissue were 
applied automatically by the software; the remaining bound-
ary conditions are shown in Supplementary Figure 1.

For the comparisons with the zombie model data, the 
nanoparticle concentration in the tumor at the appropriate 
times relative to the values used by Sindhwani et  al. 
(Sindhwani et  al., 2020) was computed after varying the 
interstitial and vessel wall hydraulic conductivities. Please 
refer to Ref. (Sindhwani et  al., 2020) for characterization of 
the gold nanoparticles.

Results

Hydraulic conductivity is a critical material property that 
characterizes passive transport through tissue. Reduced 

https://doi.org/10.1080/10717544.2024.2430528
https://doi.org/10.1080/10717544.2024.2430528
https://doi.org/10.1080/10717544.2024.2430528
https://doi.org/10.1080/10717544.2024.2430528
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hydraulic conductivity of the microvascular wall and intersti-
tial space impairs the transport and accumulation of macro-
molecular and nanoscale medicines in tumors (Netti et  al., 
2000; Chauhan et  al., 2013; Papageorgis et  al., 2017). Because 
nanoparticle concentrations were measured in the interstitial 
space of tumors to estimate transvascular transport in the 
Zombie model, we asked how sensitive nanoparticle concen-
trations in tumors are to hydraulic conductivity. We applied a 
mathematical model to simulate diffusion and convection of 
nanoparticles across the vessel wall and in the interstitial 
space as a function of hydraulic conductivity (Jain & Baxter, 
1988; Baxter & Jain, 1989; Chauhan et  al., 2012). We used 
nanoparticles with the same dimensions as those originally 
used to validate the Zombie model (i.e. 15 nm, 50 nm, and 
100 nm) (Sindhwani et  al., 2020). Based on the mathematical 
model’s predictions, the relative concentration of the 15 nm 
NP would be most affected by reduced hydraulic conductiv-
ity (Figure 1(A-C)). Conceptually, the transport of a particle 
much, much smaller than the pore it is transporting through 
would be unaffected by a small change in the pore (Chauhan 
et  al., 2012). Similarly, the transport of a particle approaching 
the size of the pore is already hindered, so small changes in 

the pore size do not affect transport much. However, there is 
a size range of particles between these two regimes where 
the transport of the nanoparticle varies with small changes in 
the pore. Additionally, the mathematical model predicts that, 
in certain circumstances, an 80% reduction in either vascular 
or interstitial hydraulic conductivity alone can eliminate 
nanoparticle accumulation (Figure 1(A-C)). If both vascular 
and interstitial hydraulic conductivities are reduced, a smaller 
reduction can lead to a larger decrease in nanoparticle 
accumulation.

Considering that our simulations indicate that hydraulic 
conductivity is critical in regulating transvascular transport, 
we next queried whether tissue fixation by immersion in 
paraformaldehyde (PFA), as used in the Zombie model, affects 
hydraulic conductivity. Fixation can decrease interstitial 
hydraulic conductivity by 50% in the eye sclera and 75% in 
the cornea (Stewart et  al., 2009a, 2009b), but whether such 
changes occur in tumors is unclear. To investigate this, we 
determined the hydraulic conductivity of 4T1 murine breast 
tumors removed from five un-fixed control mice and five 
fixed mice. On average, fixation reduced the hydraulic con-
ductivity by 78% (Figure 2(A,B)), which would severely limit 

Figure 1.  Nanoparticle tumor accumulation is sensitive to vessel wall and interstitial hydraulic conductivities. (A-C) Graphs of relative drug concentration accumu-
lated over time and spatially averaged (presented as the ratio of control to zombie accumulation) as a function of hydraulic conductivities of the vessel wall 
(vertical axis) and interstitial space (horizontal axis) for (A) 15 nm, (B) 50 nm and (C) 100 nm.
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nanoparticle accumulation, consistent with previous reports 
(Sindhwani et  al., 2020). This suggests that passive transport 
reflected by hydraulic conductivity is greatly reduced by tis-
sue fixation, in contrast to the assumption underlying the use 
of the Zombie model approach.

Diffusivity through tissue is another parameter that affects 
nanoparticle accumulation resulting from passive transport 
(Ramanujan et  al., 2002). Previous studies reported that the 
diffusivity through type I collagen gels in vitro decreased 20% 
after fixation (Sindhwani et  al., 2020). We sought to deter-
mine whether the diffusivity in tumor tissue is similarly 
altered after tissue fixation. As diffusivity and tissue stiffness 
are inversely correlated in tumors and other organs (Netti 
et  al., 2000; Evans & Quinn, 2005), we measured the elastic 
modulus using an unconfined compression experimental pro-
tocol. Our data revealed that tumor tissue stiffness (i.e. elastic 
modulus) increased 2.0-fold after fixation (Figure 2(C,D)), 
which indicates that tissue fixation likely reduces nanoparti-
cle diffusivity.

Finally, we asked whether these fixation-induced changes 
in tissue properties that regulate passive transport could lead 
to the changes in nanoparticle accumulation previously 
observed, in the absence of a contribution of active transport 
(Sindhwani et  al., 2020). Again, we used a mathematical 
model and assumed a 20% reduction in diffusivity, as was 
measured in collagen gels, to account for tissue fixation 
(Sindhwani et  al., 2020). Our simulations indicate that 67% 
reduction in both vascular and interstitial hydraulic conduc-
tivities after tissue fixation would decrease nanoparticle con-
centrations to an extent matching the experimental data 

reported from studies using the Zombie model (Figure 3). 
Thus, our model simulations provide further evidence for 
decreased passive transport and nanoparticle accumulation 
in tumors after tissue fixation when active transport has been 
eliminated.

Discussion

In our study, we measured tissue stiffness and hydraulic con-
ductivity in tumor tissue fixed by PFA, which induces cova-
lent cross-linking through a methylene bridge between its 
aldehyde group and a nitrogen atom with another atom in 
proteins, thereby destroying and stiffening cellular structures 
and extracellular matrix (Kim et  al., 2017). We used mathe-
matical models to explore the relationship between vascular 
and interstitial hydraulic conductivities and accumulation of 
variously sized nanoparticles. As the pore sizes of the vessel 
wall and interstitial space decrease toward the size of the 
nanoparticle, the hydrodynamic hindrances to convective and 
diffusive transport rise.

One limitation of our study is that the hydraulic conduc-
tivity was measured as a bulk property and cannot be mea-
sured separately for interstitial tissue and microvessels. 
Previous studies using electron microscopy documented that 
PFA does not eliminate endothelial cell defects and gaps in 
tumor blood vessels (Hashizume et  al., 2000). Nonetheless, 
tumors feature heterogenous microvasculature basement 
membrane that can be unusually thick or entirely absent 
(Baluk et  al., 2003). In either scenario, there could be higher 
density of collagen polypeptides for PFA cross-linking. If so, 

Figure 2. I ncrease in stiffness and decrease in tumor hydraulic conductivity induced by paraformaldehyde fixation of tumor tissues. (A) Illustration of compressive 
stress relaxation vs time curves of fixed (red) and unfixed (blue) 4T1 breast tumor tissues ex vivo subjected to stress relaxation. (B) Tumor hydraulic conductivity 
calculated from the stress relaxation curves. (C) Illustration of stress vs strain relationships. (D) The elastic modulus of tumors measured from the initial slope of 
the stress-strain curves. Bars: mean value; error bars: SEM; * p < 0.05; n = 5.
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PFA might reduce porosity of the vascular basement mem-
brane resulting in decreased vascular hydraulic conductivity. 
As a result, the reflection coefficient would increase, together 
increasing the contribution of oncotic pressure. Based on this 
assumption, we estimate the change in vascular hydraulic 
conductivity to be roughly equivalent to the change in the 
interstitial component. Another limitation of our study is that, 
while we measured tumor tissue stiffness after fixation to test 
the validity of in vitro measurements of changes in diffusivity, 
we used diffusivity values from previous in vitro studies 
(Sindhwani et  al., 2020), because we did not measure diffu-
sivity. Given the synergistic interaction of interstitial and vas-
cular hydraulic conductivities, reflection coefficient and 
diffusivity, the effect of fixation on passive transport is likely 
to be even greater than estimated here.

We conclude that tissue fixation greatly affects key param-
eters that regulate passive transvascular transport. Results of 
our mathematical models predict that reduction in either 
interstitial or vascular hydraulic conductivity can impair 
nanoparticle concentrations, the main parameter measured in 
the Zombie model. Further, our models indicate that reduc-
tions in both hydraulic conductivities could synergistically 
reduce nanoparticle accumulation. We found experimentally 
that fixation, an essential feature of the Zombie model, 
resulted in 78% reduction in interstitial hydraulic conductivity 
of tumor tissue and is assumed to result in similar reductions 
in vascular hydraulic conductivity. Additionally, the elastic 
modulus of tumor tissue was increased after fixation, sup-
porting previous findings from in vitro collagen gels, where 
diffusivity was reduced by 20% after fixation. Our simulations 
predict that the reduced nanoparticle accumulation observed 
experimentally would occur with a 67% reduction in hydrau-
lic conductivity, independent of the consequences of elimi-
nating active mechanisms by fixation. These findings suggest 

that the Zombie model does not in fact enable measurement 
of the relative contributions of active and passive transport, 
but rather reveals the effects of tissue fixation on both pas-
sive transport and active transport. Although nanoparticle 
extravasation observed after fixation in the Zombie model is 
evidence of passive transport, the absence of extravasated 
nanoparticles in fixed tumors is not proof of absence of pas-
sive leakage. Use of contemporary immunoelectron micros-
copy coupled with super resolution and confocal imaging 
could extend the understanding of the barrier properties of 
tumor blood vessels to nanoparticles. Yet, new strategies 
using intravital microscopy, such as imaging transport in 
tumors at low temperatures to slow or stop active transport, 
should be developed. Our findings underscore the need for 
new experimental methods to distinguish active and passive 
transport in tumors.
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mal welfare for the animals still used. Mice were anesthetized during 
tumor implantation or prior to euthanasia with Avertin (250 mg/kg), and 
placed on a heating pad to maintain body temperature at 37 °C. Mice 
were observed daily for their level of activity and for normal eating, 
drinking and grooming behavior. Pain reducing agents (i.e. ibuprofen) 
were administered intraperitoneally occasionally to reduce pain symp-
toms. The maximal tumor burden of 1200 mm3, as approved by the eth-
ics committee, was not exceeded. Mice were  euthanized using cervical 
dislocation. In vivo study was used to support mathematical model find-
ings that fixation alters the physical properties of tumor tissue leading to 
regulation of nanomedicine transport. Ten (10) mice were used in this 
study. The authors have adhered to the ARRIVE guidelines.

Figure 3.  Comparison between experimental data and computational simula-
tions of the ratio of nanoparticle accumulation in zombie group to control 
group for each size of nanoparticles. The simulated accumulation is at 4 hours 
for the 15-nm and 50-nm particles and at 1 hour for the 100-nm particles post 
intravenous administration. The nanoparticle accumulation predicted by the 
model simulating the experimental procedure (gray) is consistent with the 
measured data of the ‘zombie model’ (blue). Our model was developed based 
on passive transport and accounting for reduced diffusivity and hydraulic con-
ductivity caused by tissue fixation.
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Supplementary Table 1. Parameter values used in the model. 

 

Parameter Description Value Reference 

Dn 
nanoparticle diffusion 

coefficient 

4×10−7 cm2∙s−1 for 15 nm drug; 

8×10−8 cm2∙s−1 for 50 nm drug; 

5×10−8 cm2∙s−1 for 100 nm drug 

(baseline values) 

(Pluen et al., 

2001) 

L vessel wall thickness 5×10−6 m 
(Stylianopoulos 

et al., 2013) 

PV vascular pressure 30 mmHg 
(Baxter and 

Jain, 1989) 

η blood  viscosity 3×10−5 mmHg∙s 
(Stylianopoulos 

et al., 2013) 

γ 
fraction of vessel wall surface 

area occupied by pores 
1×10−3 [-] 

(Chauhan et al., 

2012) 

SV  vascular density 34 cm−1 
(Sindhwani et 

al., 2020) 

kth 
interstitial space hydraulic 

conductivity 

1×10−7 cm2∙mmHg−1∙s−1 

(baseline value) 

(Baxter and 

Jain, 1989) 

a1 coefficient for Kt −73/60 [-] (Deen, 1987) 

a2 coefficient for Kt 77.293/50.400 [-] (Deen, 1987) 

a3 coefficient for Kt −22.5083 [-] (Deen, 1987) 

a4 coefficient for Kt −5.617 [-] (Deen, 1987) 

a5 coefficient for Kt −0.3363 [-] (Deen, 1987) 

a6 coefficient for Kt −1.216 [-] (Deen, 1987) 

a7 coefficient for Kt 1.647 [-] (Deen, 1987) 

b1 coefficient for Ks 7/60 [-] (Deen, 1987) 

b2 coefficient for Ks −2.227/50.400 [-] (Deen, 1987) 

b3 coefficient for Ks 4.0180 [-] (Deen, 1987) 

b4 coefficient for Ks −3.9788 [-] (Deen, 1987) 

b5 coefficient for Ks −1.9215 [-] (Deen, 1987) 

b6 coefficient for Ks 4.392 [-] (Deen, 1987) 

b7 coefficient for Ks 5.006 [-] (Deen, 1987) 
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Supplementary Figure 1 – Geometry of the computational domain and boundary conditions used in the 

mathematical model applied to the zombie tumor experiment. We modeled the tumor as a sphere 

embedded in normal tissue of cubic shape. The radius of the tumor was 6 mm. Because of symmetry, we solved 

for one-eighth of the domain. 
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