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SI Methods
Formulation of the Mathematical Model. The vascular network is
modeled as a 2D percolation network (Fig. S1), which we have
used successfully in the past and shown to have similar structural
characteristics to the tumor vasculature (1). The network is
generated through a stochastic process. The algorithm begins
from the one corner of the domain, which serves as the inlet, and
an invasive process is simulated by adding points adjacent to the
previously chosen points. The algorithm stops when the perco-
lation threshold has been reached to ensure connectivity within
the network. The model accounts for coupling of vascular,
transvascular, and interstitial fluid flow and transport of drugs.
The domain has a side length of 5 mm (lattice spacing 17 μm),
the network consists of one inlet and one outlet, and the model
accounts explicitly for the diameter of the vessels and the pore
size (i.e., permeability) of the vessel wall. The baseline param-
eters of the model are summarized in Table S1.

Equations for Fluid Flow. Blood volumetric flow rate in a vessel
(Qvascular) is assumed to be axial and follows Poiseuille’s equation,

Qvascular = −
πd4

128μ
Δpv
Δx

; [S1]

where d is the vessel diameter, Δpv is the vascular pressure dif-
ference that corresponds to a vascular length Δx, and μ is the
blood viscosity.
Volumetric fluid flow rate across the vessel wall (Qtransvascular)

follows Starling’s approximation (2, 3),

Qtransvascular =LpSðpv − piÞ; [S2]

where Lp is the hydraulic conductivity of the vessel wall, S is the
surface area of the vessel, and pi is the interstitial fluid pressure.
Notice that in Eq. S2 we neglect osmotic pressures because in
solid tumors they have a negligible effect on fluid flow across the
vessel wall (4, 5). Using theory for fluid transport through cylin-
drical pores we calculate the hydraulic conductivity, Lp, by the
equation Lp =

γr2o
8μL; where γ is the fraction of vessel wall surface

area occupied by pores, ro is the pore radius, and L is the thickness
of the vessel wall. Therefore, we relate Lp directly to pore size.
Interstitial volumetric fluid flow rate (Qtissue) follows Darcy’s

law (6, 7),

Qtissue = −KtAC
Δpi
Δx

; [S3]

where Kt is the hydraulic conductivity of the interstitial space, Δpi
is the interstitial pressure difference that corresponds to a tissue
length Δx, and Ac is the tissue cross-sectional area. The tissue
cross-sectional area is related to the vascular density, Sv, and the
diameter of the vessel, d, by AC = πd=Sv (ref. 5).

Equations for Drug Transport. Inside the blood vessels diffusion is
negligible and the mass balance takes the form

dcv
dt

= − v
Δcv
Δx

; [S4]

where v is the blood velocity, cv is the intravascular concentration
of the drug, and Δcv is the concentration difference that corre-
sponds to a vascular length Δx.

Transport across the tumor vessel wall, φ, is given by Starling’s
approximation as

φ=LpSðpv − piÞð1− σÞ cve
Pe − cf

ePe − 1
  with    Pe=Lpð1− σÞ ðpv − piÞ

P
;

[S5]

where Pe is the Péclet number across the vessel wall, P is the
vascular permeability of the drug through the pores of the wall,
and σ is the reflection coefficient.
Transport in the interstitial space involves the diffusive and

convective transport of the free drug in the tumor interstitium, its
binding to cancer cells/matrix, and finally cancer cell uptake.
Therefore, there are three distinct states of the drug, the free ( f ),
the bound (b), and the internalized (i) (8–10).
Free drug:

dcf
dt

+ vi∇cf =D∇2cf − kon
cf ce
ϕ

+ koff cb; [S6a]

Bound drug:

dcb
dt

= kon
cf ce
ϕ

− koff cb − kintcb; [S6b]

Internalized drug:

dci
dt

= kintcb; [S6c]

where cf, cb, and ci are the concentrations of the free, bound, and
internalized drug in the interstitial space, respectively; ce is the
concentration of cell surface receptors; vi is the interstitial fluid
velocity given by Darcy’s law; D is the diffusion coefficient of the
free drug; kon, koff, and kint are the association (binding), disso-
ciation, and internalization rate constants, respectively; and ϕ is
the volume fraction of tumor accessible to the drug. The values
of the parameters were taken to be ce = 1 × 10−5 M, kint = 5 ×
10−5 s−1, koff = 8 × 10−3 s−1, kon = 1.5 × 104 M−1·s−1 for high-
affinity and kon = 1.5 × 102 M−1·s−1 for low-affinity binding, and
ϕ was set to 0.3 for 1-nm drugs, 0.1 for 10-nm drugs, and 0.05 for
60-nm drugs (8, 9). Results in Fig. 6 show intratumoral distribu-
tion of drugs an hour after entrance to the vascular network.

Solution Strategy. We first solve the steady-state fluid problem
(Eqs. S1–S3) and calculate the pressures in the vascular and
interstitial space. The vascular and interstitial spaces are dis-
cretized by computational nodes. Conservation of the fluid re-
quires that at each node the volume of fluid entering the node is
the same as the fluid exiting the node, i.e.,

P
i Qi = 0 for each

node i. As for boundary conditions, the flow rate at the inlet and
the pressure at the outlet of the vascular network are prescribed.
The normal tissue surrounding the tumor is assumed to have
functional lymphatic vessels and thus the fluid pressure there is
set to zero (Fig. S1).
Subsequently, we solve the transient transport problem to

calculate the concentration of the nanoparticles (Eqs. S4–S6).
The transient transport problem is solved with a finite difference
scheme. Central differencing for convection, upwind differencing
for diffusion, and the explicit Euler for time integration were
used. For boundary conditions, the concentration of the drug at
the inlet is specified and decays exponentially (i.e., bolus in-
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jection). In addition, the concentration at the outlet and at the
boundary of the interstitial space is set to zero.

Modeling Vessel Decompression. The baseline value of the vessel
diameter was set to 15 μm (11, 12). Vessel compression is ob-
served at the center of the tumor where compressive stresses are
higher (12, 13). To model vessel decompression a central circular
region was selected and the diameter of the vessels within this
region was uniformly increased stepwise from 1.5 to 15 μm. At
each step, the fraction of perfused vessels and the effective
vascular density were calculated. Simulations were repeated for
different vessel wall mean pore sizes ranging from 50 to 400 nm
with a SD of 60 nm. This is within the range of pore sizes
measured in mice bearing tumors (14). Two values of the hy-
draulic conductivity of the tumor interstitial space [1 × 10−7 and
1 × 10−6 cm2/mmHg-s (12, 15)] were also used. Hydraulic con-
ductivity is a measure of the resistance to fluid flow through the
pores of the interstitial space. The smaller the pores, the lower
the value of the conductivity, and fluid flow becomes more dif-
ficult and slow.

Modeling Vascular Normalization. The first response of vascular
normalization using anti-VEGF therapy is a decrease in vessel
diameter accompanied by recruitment of pericytes to tumor vessels.
Pericyte coverage fortifies leaky vessels and presumably contributes
to the decrease in vessel wall pore size (i.e., permeability) (2, 4, 16–
20). This initial step is not, however, related to vessel pruning, and
the experimentally observed decrease in blood vessel volume is
due to the decrease in the diameter of the vessels (4, 16, 17).
Within the first 3 d of anti-VEGF therapy, vessel diameter can
decrease by a factor of 2 from 14.5 to 7.3 μm (16), and similar
changes have been observed in other studies in mice and cancer
patients (4, 17, 21, 22). Higher or multiple doses of antiangiogenic
treatment cause pruning of blood vessels and a decrease in vas-
cular density and functionality (4, 16, 17, 20, 22). Therefore, the
initial increase in tumor perfusion, which might be achieved by the
fortification of the tumor vessels, is ultimately lost during treat-
ment due to excessive pruning—resulting in a “time window of
normalization” (23). Judicious doses of antiangiogenic treatment
can improve perfusion during this window (20, 24).
To model vascular normalization, the tumor vasculature was

assumed to have an initial diameter of 15 μm and a vessel wall
mean pore size of 400 nm with a SD of 60 nm (baseline values).
During normalization the vessel diameter decreased gradually
from 15 to 5 μm and the vessel wall pore size from 400 to 50 nm.
For each simulation the fraction of perfused vessels and the ef-

fective vascular density were calculated. Subsequently, to model
vessel pruning a stochastic process was used. A random number
from 0 to 1 was assigned to each vessel and a threshold was
specified. If the random number was less than the given threshold,
the vessel was removed. Then, the problem for the fluid flow in the
tumor was solved and the new fraction of perfused vessels and
effective vascular density were calculated. This procedure was re-
peated, accounting for different time points, until the vascular
network is no longer functional. A higher dose was modeled by
increasing the threshold value, allowing more vessels to be pruned.

Model Limitations.Model parameters were carefully selected from
the literature and its predictions are consistent with available
preclinical and clinical data. The current model is limited in that it
is 2D and does not account for the heterogeneous distribution of
vessel diameters and hematocrit (25, 26). Another parameter not
accounted for here is the rheology of blood. Plasma leakage
might result in local hemoconcentration, which can increase
blood viscosity and flow resistance (27, 28). Model predictions
might be affected by the number of inlets and outlets that
compose the vascular network. Indeed, many tumors, including
metastases, have multiple feeding arterioles and draining ven-
ules. Fig. S7 shows the fraction of perfused vessels and the ef-
fective vascular density for a network with two inlets and outlets.
The fraction of perfused vessels increases with the number of
inlets, but the results for the effect of vessel leakiness and
compression are similar qualitatively to the calculations pre-
sented throughout this article. Thus, increasing the complexity of
the model with more inlets and outlets is not likely to provide
new insights. Finally, our model does not account for formation
of vascular shunts, which also affect perfusion (26). Vascular
shunts are short, high-flow vascular pathways that bypass long
downstream pathways and thus exclude downstream regions
from blood supply. They can be formed by the compression of
upstream vessels that redirect flow to uncompressed vessels, or
even by an increase in vessel diameter of the short pathways that
cause an increase in blood flow within these vessels (26). Our
model partially accounts for the effect of shunts by varying the
diameter of the vessels (Fig. S8), but currently it does not re-
capitulate the high heterogeneity of path lengths of the tumor
vasculature as well as the enlargement of short-flow pathways,
which are hallmarks of the shunts. Nevertheless, the current
theoretical framework can be extended to incorporate addition
details as they become available or are needed.
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Fig. S1. Computational domain and boundary conditions used. Dashed lines show regions of compressed vessels used in the study with a radius of 1.5 and 2.5 mm.

Fig. S2. Plots of fraction of perfused vessels and effective vascular density during stress-alleviation treatment to decompress vessels. Results are shown for
different vessel wall pore sizes, varying from 50 to 400 nm, and for two values of the hydraulic conductivity of the interstitial space. The radius of the
compressed region is 2.5 mm, occupying 80% of the tumor area. The arrows show the direction of the treatment.
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Fig. S3. Plots of fraction of perfused vessels and effective vascular density during stress-alleviation treatment to decompress blood vessels. Results are shown
for different vessel wall pore sizes, varying from 50 to 400 nm, and for a compressed central region of radius 1.5 mm, occupying 30% of the tumor area. The
hydraulic conductivity was set to 1 × 10−7 cm2/mmHg-s. Arrows show the direction of the treatment.

Fig. S4. Simulation results for fraction of perfused vessels as a function of the vessel diameter and the vessel wall pore size for three different values of the
hydraulic conductivity of the interstitial space.
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Fig. S5. In tumors poor in hyaluronic acid (HA) the interstitial hydraulic conductivity is determined by the collagen content. (A) The hydraulic conductivity as
a function of collagen volume fraction for tumors of low HA volume fraction, ϕ= 0:0005. For tumors rich in HA the contribution of HA to the hydraulic
conductivity become significant. (B) The hydraulic conductivity as a function of HA and for collagen volume fraction equal to 0.3.
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Fig. S6. Schematic of the proposed therapeutic strategies. The schematic shows the regions for effective vascular normalization and vessel decompression/
stress-alleviation treatments as well as the region for combinatorial treatment. Combinatorial treatment involves the application of stress-alleviation treat-
ment to decompress vessels followed by vascular normalization treatment. Bold arrows show the optimal direction of the pertinent treatment. Thin arrows
show the results before and after treatment of studies for which data of vessel diameter and vessel wall pore size have been reported. *Cancer cell depletion
by paclitaxel in HSTS26T soft tissue sarcomas (1), **stromal depletion by saridegib in AK4.4 pancreatic ductal tumors (2), ***hyaluronan depletion by PEGPH20
in KPC pancreatic ductal tumors (3), ****collagen and hyalronan depletion by losartan in EO771 breast tumors (but no effect in AK4.4 pancreatic tumors) (4),
+vascular normalization by low dose anti-VEGF antibody DC101 in 4T1 and EO771 breast tumors (5), ++hormone ablation in Shionogi tumors (6). Saridegib is
an inhibitor of the Hedgehog cellular signaling pathway. PEGPH20 is a PEGylated human recombinant hyaluronidase. Losartan is an angiotensin receptor
blocker.
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Fig. S7. Fraction of perfused vessels and effective vascular density for the baseline values and for a vascular network consisting of two inlets and two outlets.
Incorporation of more than one inlet/outlet varies the results quantitatively but they qualitatively they remain the same. Therefore, the basic conclusions of
our study are not affected.
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Fig. S8. Compression of vessels forms vascular shunts that exclude flow from large regions of the tumor. Vessel decompression restores blood flow. Dashed
line shows the region of compressed vessels that has a radius of 0.75 mm.

Table S1. Physiological values of the model parameters

Model parameters Value

Size of the domain 0.5 cm
Blood viscosity 3 × 10−5 (mmHg-s)
Velocity at inlet 8.0 mm/s
Outlet pressure 5 mmHg
Vascular density 200 cm−1

Vessel wall thickness 5 μm
Vessel diameter 15 μm
Interstitial space conductivity 1 × 10−7 cm2/mmHg-s

Information taken from refs. 1 and 2.
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