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antiangiogenic agent VEGF-Trap showed intratumoral stain-
ing during portography, indicating that these tumors re-
ceived perfusion via the portal vein.  Conclusion:  Antiangio-
genic treatment can induce rearrangement of the hepatic 
tumor vascular network to establish communication with 
the portal vein. This implies that hepatic tumors can develop 
resistance to antiangiogenic therapy by maintaining perfu-
sion through portal venous perfusion.  © 2016 S. Karger AG, Basel 

 Introduction 

 Angiogenesis (the growth of new blood vessels) is es-
sential for tumor growth and dissemination, and has 
long been recognized as an attractive target for antican-
cer therapy. Hepatocellular carcinoma (HCC) is a hy-
pervascular tumor with high microvessel density; anti-
angiogenic therapy appears as a promising treatment 
option for patients with HCC  [1] . One of the major an-
giogenesis mediators is vascular endothelial growth fac-
tor (VEGF). HCC patients have been reported to show 
increased VEGF levels in serum and cancerous tissue 
 [2] , and elevated VEGF levels have been associated with 
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 Abstract 

  Purpose:  Hepatic malignancies can easily develop resis-
tance to antiangiogenic therapy, but the underlying mecha-
nism remains poorly understood. This study explores wheth-
er antiangiogenic therapy influences the tumor vascular net-
work and/or the vessels feeding the hepatic tumor.  Methods:  
Mice implanted with Lewis lung carcinoma (LLC) cells were 
subcutaneously injected 3 times (once every other day start-
ing 1 week after LLC implantation) with either an antiangio-
genic agent [vascular endothelial growth factor (VEGF)-Trap] 
or control agent (bovine serum albumin) at a dose of 25 mg/
kg before performing angiography. Hepatic arteriography 
and portography were performed using a vascular cast 
method with vascular latex.  Results:  Arteriography of the 
control-treated LLC-implanted mice showed marked stain-
ing of the mass with a prominent feeding artery, suggesting 
that the tumor is supplied by arterial perfusion. No signifi-
cant staining was observed on portography. By contrast, 
33% (n = 3/9) of the LLC-implanted mice treated with the 
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more invasive tumors and poor outcomes after treat-
ment  [3] .

  Various strategies to block VEGF pathways using an-
tiangiogenic agents and thereby suppress tumor angio-
genesis have been tested or are currently used for the 
treatment of HCC and/or liver metastasis, such as VEGF-
neutralizing monoclonal antibody (bevacizumab), solu-
ble VEGF receptor (VEGF-Trap) and VEGF receptor ty-
rosine kinase inhibitors (sorafenib and sunitinib)  [4, 5] . 
However, some patients do not respond to antiangiogen-
ic agents and patients who do respond experience only 
modest and transient effects; as a consequence, only 
sorafenib has proved to have survival benefits for the 
treatment of HCC  [4, 6, 7] .

  Antiangiogenic therapy can also sometimes provoke 
tumors to become more aggressive or induce a metastat-
ic acceleration, but the underlying mechanism is poorly 
understood  [8, 9] . Several theories exist to explain how 
tumors develop resistance to antiangiogenic therapy. 
These include evasive resistance (adaptation to the pres-
ence of antiangiogenic therapy), intrinsic resistance (en-
dogenous resistance to angiogenic inhibitors)  [6] , disrup-
tion of tumor vasculature that triggers local tumor cell 
invasion and distant metastasis  [9]  and a conditioning 
effect induced by antiangiogenic therapy that changes the 
microenvironment to become more permissive to tumor 
extravasation  [8] . However, no previous studies have in-
vestigated the hemodynamic aspects of resistance to an-
tiangiogenic therapy in hepatic tumors.

  The liver receives dual-input perfusion from the he-
patic artery and the portal vein, which confers a unique 
hemodynamic profile in hepatic tumors. Normal liver pa-
renchyma receives perfusion through portal venules and 
hepatic arterioles, which are paired structures. By con-
trast, advanced HCC receives circulation from aberrant 
arterioles  [10–12] . We hypothesized that normal liver 
vessels and aberrant hepatic tumor-feeding vessels might 
respond differently to antiangiogenic agents, and that dif-
ferent reactions of normal liver vasculature and aberrant 
tumor vessels to antiangiogenic treatment might result in 
rearrangements of the tumor vascular network. If so, 
these responses might influence the outcomes of antian-
giogenic therapy.

  In this study, we used a latex dye angiography method 
to examine the perfusion source of tumor vascular net-
works in an experimentally produced mouse hepatic tu-
mor model after administrating antiangiogenic therapy or 
control treatment. The purpose of this study was to explore 
whether antiangiogenic therapy can influence the hepatic 
tumor feeding vessels and/or their vascular network.

  Materials and Methods 

 Mice 
 The Animal Care Committee of Severance Hospital (permit 

No. 2014-0199) and the Korea Advanced Institute of Science and 
Technology (KAIST, permit No. KA2011-28) approved this study. 
Pathogen-free C57BL/6J mice were purchased from Jackson Labo-
ratories and bred in our pathogen-free animal facility. All animals 
were fed with a standard normal diet (PMI Lab Diet) ad libitum 
with free access to water. Male mice, aged 8–10 weeks, were used 
for this study.

  Cell Lines and Reagents 
 The mouse Lewis lung carcinoma (LLC, catalog No. CRL-

1642 TM ) cell line was obtained from the American Type Culture 
Collection. This cell line has a syngeneic background to C57BL/6J 
strain mice. 

  Male C57BL/6J mice, aged 8–10 weeks, were anesthetized by 
intramuscular injection of a mixture of anesthetics (80 mg/kg ket-
amine and 12 mg/kg xylazine). Skin and peritoneal incisions were 
made at the midline of the upper abdomen to expose the left lat-
eral lobe of the liver. An in vitro-cultured cell-line suspension (2.5 
× 10 5  cells in 20 μl of phosphate-buffered saline) was loaded into a 
20-gauge insulin syringe, and subcapsular implantation was con-
ducted in the left lateral lobe of the liver. The incision was repaired 
with a 4–0 black silk suture. 

  VEGF-Trap (soluble VEGF receptor fusion protein designed to 
interfere with signaling pathways of VEGF-A and placenta-in-
duced growth factor) was a kind gift from Professor Gou Young 
Koh at KAIST. VEGF-Trap recombinant protein was produced 
from stable CHO cell lines transfected with  VEGF-Trap  genes, and 
secreted VEGF-Trap was purified from supernatant as described 
previously  [13] .

  Thirty-eight LLC-implanted mouse liver tumor models were 
successfully produced. They were divided into 2 groups, which 
were treated with either VEGF-Trap (treatment group, n = 19) or 
bovine serum albumin (BSA; control group, n = 19). Either VEGF-
Trap or control (BSA) was subcutaneously injected at a dose of 25 
mg/kg every other day starting 1 week after LLC implantation. 
Each mouse was treated 3 times with VEGF-Trap or BSA (on days 
7, 9, and 11 after LLC implantation). Arteriography or portogra-
phy was performed on day 13 after implantation.

  Selective Arteriography and Portography of Hepatic Vessels 
 The BSA-treated control group (n = 19) was divided into 2 

groups. One group was subjected to arteriography with latex dye 
(n = 10; 3 of these procedures failed) and the other group was sub-
jected to portography with either latex dye or 2% Evans blue solu-
tion (n = 9; 2 of these procedures failed). The VEGF-Trap-treated 
group was divided into 2 groups. One group was subjected to ar-
teriography with latex dye (n = 8; 2 of these procedures failed) and 
the other group was subjected to portography with either latex dye 
or 2% Evans blue solution (n = 11; 2 of these procedures failed). 
Therefore, a total of 13/18 arteriography procedures and 16/20 
portography procedures were successfully conducted.

  Anesthesia was achieved by intramuscular injection of a mix-
ture of anesthetics (80 mg/kg ketamine and 12 mg/kg xylazine). 
Systemic arteriography was performed as described previously 
 [14, 15] . Briefly, the anterior side of the chest was opened, and an 
outflow opening was made at the right atrium of the beating heart. 
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The left ventricle of the heart was punctured with a blunted 
18-gauge needle, and a vascular latex dye (Connecticut Valley Bio-
logical Supply Co., Southampton, Mass., USA) was slowly and gen-
tly injected with a 10-ml syringe. To achieve portography  [15, 16] , 
a midline incision was made and the colon and small bowel were 
shifted to the left to expose the target vessels. Then, a 22-gauge an-
giocatheter was inserted into the main portal venous trunk, which 

was used for dye infusion. Next, an outflow opening was made at 
the right atrium of the heart. Portography was performed with ei-
ther latex dye or Evans blue solution. A 2% Evans blue solution was 
prepared by dissolving the appropriate amount of dye powder 
(Sigma-Aldrich, Saint Louis, Mo., USA) in phosphate-buffered sa-
line. Evans blue solution is a water-soluble dye; unlike latex dye, it 
can freely flow through capillaries to enter the vascular compart-
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  Fig. 1.  Angiographic features of LLC-im-
planted mouse hepatic tumor model.  a  Im-
ages obtained before (left) and after (right) 
latex arteriography was performed.  b  The 
transparent specimen shows an enlarged 
tumor-feeding artery (arrow), which sup-
plies a markedly hypervascular mass.
 c  Gross images obtained before (left) and 
after (right) latex portography was per-
formed.  d  The sectioned specimen shows 
that latex dye staining is limited to the junc-
tion of tumor and adjacent liver whereas 
the center of the mass is unstained.  e  Im-
ages obtained before (left) and after (right) 
portography with 2% Evans blue solution. 
 f  Evans blue staining is absent within the 
tumor (left), indicating that this tumor (ar-
row) is isolated from the portal vein; yellow 
lines represent the orientation of the sec-
tioned specimen (right). 
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ments lying beyond the capillary bed. Therefore, before infusing 
Evans blue solution, the entire heart was clamped with a hemostat 
at a level just above the right atrium outflow opening to prevent 
contamination of nontargeted vascular compartments by re-entry 
of the Evans blue into the systemic circulation. Portography was 
performed by slowly and gently infusing either vascular latex dye 
or 2% Evans blue solution via the angiocatheter inserted into the 
main portal venous trunk.

  The liver was resected and briefly washed in phosphate-buff-
ered saline. The specimen was fixed with 10% formalin overnight. 
For whole-mount imaging of latex-perfused vessels, a tissue clear-
ance procedure was performed to enhance sample transparency 
and maximize delineation of the vascular casts. The specimen was 
dehydrated by processing with a graded methanol series, and 
cleared by immersion into a mixture of organic solvent (benzyl 
alcohol:benzyl benzoate, 1:   1, Sigma-Aldrich)  [16] .

  Measurement of the Number of Intratumoral Vessels 
Containing Latex Dye 
 The tumor specimen was sliced at a thickness of approximate-

ly 5 mm and embedded in paraffin and then 5-μm-thick sections 
were cut using a microtome. Hematoxylin and eosin staining was 
performed. Multiple random microscopic fields at the central por-
tion of the tumor were examined under magnification (×200), and 
the number of latex dye containing vessels was counted.

  Statistical Analysis 
 Statistical analyses relied on standard software (SPSS v19; SPSS 

Inc., Chicago, Ill., USA). Student’s t test was used for evaluating the 
difference of the number of intratumoral vessels containing latex 
dye. Statistical significance was set at p < 0.05. 

  Results 

 Angiographic Features of LLC-Implanted Mouse 
Hepatic Tumors and Human HCC Are Similar 
 Latex arteriography of the BSA-treated LLC-implant-

ed hepatic tumor model presented the tumor as a mark-
edly hypervascular mass. The tumor mass was supplied 
by a prominent tumor-feeding vessel, which arose from 
the hepatic artery (n = 7;  fig. 1 a, b). Microscopic examina-
tion revealed multiple dilated vessels containing blue la-
tex particles (online suppl. fig. 1A; for all online suppl. 
material, see www.karger.com/doi/10.1159/000448734). 

  Latex portography of BSA-treated LLC-implanted 
mice showed that latex dye did not enter the mass, but 
prominent staining occurred at the junction of the mass 
and liver (n = 4;  fig. 1 c, d). Upon microscopic examina-
tion, multiple dilated vessels containing blue latex parti-
cles were observed within the liver and at the peripheral 
portion of the mass near the liver-tumor junction (online 
suppl. fig. 1B), but rarely at the central portion of the tu-
mor (online suppl. fig. 1C). We counted the number of 
blue latex dye-containing vessels within random micro-

scopic fields (magnification ×200) at the central portion 
of the tumor and found 0.24 ± 0.49 vessels (mean ± stan-
dard deviation) per field. The latex dye cannot pass 
through to the capillary vessels  [14] ; therefore, we could 
not determine whether the mass capillaries were isolated 
from the portal vein or whether the capillaries between 
portal venules and the tumor were too small for the latex 
dye to enter. We repeated portal perfusion using 2% Evans 
blue solution instead of latex dye (n = 3), and confirmed 
the absence of dye staining within the mass ( fig. 1 e, f).

  Antiangiogenic Therapy Induces Rearrangement of 
the Tumor Vascular Network 
 Latex arteriography and latex portography were re-

peated in LLC-implanted mice treated with VEGF-Trap. 
Latex arteriography (n = 6) did not detect significant arte-
rial alterations in most cases (n = 5; online suppl. fig. 2) 
compared with control mice, but 1 VEGF-Trap-treated 
mouse displayed sparse intratumoral vessels (16.7%, n = 
1/6; online suppl. fig. 3). Next, we performed latex por-
tography (n = 6) in the VEGF-Trap-treated LLC-im-
planted mice. Unlike the control mice, which did not re-
ceive significant portal venous perfusion, some (n = 2) of 
the VEGF-Trap-treated LLC-implanted mice had diffuse 
dye within the intratumoral vessels ( fig.  2 a–c). Micro-
scopic assessment also confirmed the presence of blue la-
tex dye particles within vessels of the tumor central por-
tion ( fig. 2 d). The number of vessels containing blue latex 
particles per random microscopic field (magnification 
×200; mean ± standard deviation 3.52 ± 1.34) in these 
mice was significantly higher (p < 0.001,  fig. 2 e) than that 
of the BSA-treated control mice (mean ± standard devia-
tion 0.24 ± 0.49). We repeated portography using 2% Ev-
ans blue solution (n = 3) instead of latex dye ( fig. 2 f, g), 
and again observed perfusion of the mass in 1 mouse. 
Collectively, we observed dye staining during photogra-
phy using either latex or 2% Evans blue solution in 33% 
(n = 3/9) of the LLC-implanted mice treated with VEGF-
Trap.

  Discussion 

 Antiangiogenic therapies are designed to suppress tu-
mor angiogenesis and destroy pre-existing tumor vessels, 
and are widely used for the treatment of various malig-
nancies. However, the tumor microenvironment can 
change in response to antiangiogenic therapy, which re-
sults in resistance to antiangiogenic drugs and agents 
 [17] . Tumor vasculatures frequently present as abnormal 
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and chaotic leaky structures with stagnant perfusion. 
VEGF inhibition induces vascular remodeling by reduc-
ing vessel size and tortuosity, and the remaining tumor 
vessels show improved pericyte coverage and normalized 
basement membranes  [13, 18–20] . The clinical signifi-
cance of such phenomena is poorly understood. Although 

there is ongoing debate, some studies suggest that vascu-
lar normalization and maturation may represent a pro-
cess of therapeutic escape and tumor progression  [21] .

  In addition to inducing vascular structural alterations, 
antiangiogenic therapies are associated with hemody-
namic changes. Previous studies on the effects of antian-
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  Fig. 2.  Portography of LLC-implanted mice after VEGF-Trap 
treatment. Portography was performed using latex dye ( a–d ) or 2% 
Evans blue solution ( e ,  f ).  a  Images obtained before (left) and after 
(right) performing latex portography.  b  Gross specimen image 
(left) and magnified specimen image (right) after performing tis-
sue clearance. The magnified area is indicated with dotted lines in 
the inset.  c  Sectioned specimen images. Dotted line demarcates the 
margin of tumor. Orange arrow indicates intratumoral blue latex 
dye staining.  d  Histological examination reveals latex dye particles 
(blue, indicated with arrows) within an intratumoral vessel. Ar-
rowheads indicate red blood cells. HE. ×200.  e  Comparison of the 

number of vessels containing blue latex particles counted per mi-
croscopic field (×200) at the central portion of tumor after latex 
portography obtained from the BSA-treated control mice and the 
mice which showed intratumoral staining after VEGF-Trap treat-
ment ( *  p < 0.001).  f  Images obtained before (left) and after (right) 
performing portography using 2% Evans blue solution. Latex dye 
(orange arrow) is seen within the central portion of the tumor.
 g  Sectioned specimen images. Dotted line demarcates the margin 
(indicated with arrows) of tumor (green arrow). Orange arrow in-
dicates intratumoral Evans blue staining.  
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giogenic agents on human HCC using perfusion comput-
ed tomography (CT), magnetic resonance imaging (MRI) 
and contrast-enhanced ultrasonography describe several 
significant hemodynamic features of tumors. For exam-
ple, patients showing good treatment responses have less 
perfusion heterogeneity  [22]  a higher baseline mean tran-
sit time and transfer constant (K trans )  [23]  and an early 
reduction in tumor vascularity and blood volume  [24] . 

  This study aimed to elucidate the mechanism underly-
ing the resistance of hepatic tumors (primarily HCC, but 
also applicable to other malignancies such as hypervascu-
lar metastasis) to antiangiogenic agents, focusing particu-
larly on the tumor-feeding vessel and associated perfu-
sion alterations. In our previous study, we examined sev-
eral mouse hepatic tumor models, and concluded that the 
LLC-implanted ectopic tumor model closely simulates 
the angiographic features of human HCC  [15] . The LLC-
implanted mouse hepatic tumor model was hypervascu-
lar, and angiography revealed that the tumor received ar-
terial perfusion but avoided portal venous perfusion. 
Similar angiographic features have also been described in 
a radiation-induced fibrosarcoma cell line liver implanta-
tion model, which demonstrated a portal flow void to the 
tumor during digital microangiography performed after 
barium suspension infusion  [25] . These are typical angio-
graphic features of human HCC  [26–28] , but the increase 
in arterial perfusion, along with the decrease in portal 
perfusion, is an event that can also take place in liver me-
tastasis  [28, 29] . Consequently, we believe that our liver 
LLC-implanted tumor model can simulate both human 
HCC and hypervascular liver metastasis.

  To differentiate the origin of tumor-feeding vessels 
and intratumoral vessels that arise from the hepatic artery 
and/or portal vein, we applied a commercial latex dye 
used for vascular experiments and produced vascular 
casts  [14, 15] . This approach enabled us to perform com-
partment-specific latex arteriography and portography, 
and visualize the tumor-feeding vessels and/or their sup-
plied tissues in a manner similar to that used for hu-
man conventional angiography. After administration of 
VEGF-Trap and subsequent portography, a modest per-
centage of the mice (33%, n = 3/9) showed intratumoral 
vessel staining, which we interpreted as the development 
of communication between tumor vessels and intrahe-
patic portal venules. We believe that this is due to rear-
rangement of the tumor vascular network from an arte-
rial system to a dual vessel system, which establishes com-
munication with the hepatic artery and the portal vein 
( fig. 3 ). This scenario may provide a hemodynamic mech-
anism, explaining why some liver tumors that do not re-

spond to antiangiogenic therapy maintain their perfusion 
and gain resistance.

  Implantation of VX2 carcinoma into the rabbit liver 
produces a hepatic tumor model with a similar blood sup-
ply pattern to that of human HCC  [30, 31] . Stewart et al. 
 [32]  used this model and reported that CT perfusion 
studies performed 8 days after thalidomide (angiogenesis 
inhibitor) administration yield results that can be used to 
predict treatment response. In their study, animals treat-
ed with thalidomide were divided into 2 groups: respond-
ers had a reduction in tumor perfusion whereas nonre-
sponders had no significant change in tumor perfusion. 
Responders also had an improvement in progression-free 
survival and reduced microvessel density compared to 
nonresponders  [32] . Liver-implanted VX2 tumors con-
tain a mixture of portal vein and hepatic arterioles  [30] . 
Based on the portal vein communication with tumor ves-
sels, we assume that tumor vascular rearrangement might 
also have occurred in the VX2-implanted model based on 
the portal vein communication with the tumor vessels, 
and might have contributed, at least in part, to maintain-
ing tumor perfusion in nonresponders.

  In human HCC, capillaries of the tumor periphery fre-
quently maintain communication with the adjacent liver 
sinusoid vessels  [26] . Therefore, we believe that if tumor 
arterial perfusion is suppressed by antiangiogenic thera-
py, then perfusion rearrangement may occur to receive 
portal venous blood via liver sinusoidal vessels. A few 
clinical reports described similar perfusion alterations in 
HCC patients treated with transarterial chemoemboliza-
tion (TACE), in which the tumor-feeding vessels that 
were initially supplied by the hepatic artery became rear-
ranged to partially receive portal venous perfusion after 
embolization of the tumor-feeding arteries  [33, 34] .

  Our concept of tumor vascular network (perfusion) 
rearrangement induced by antiangiogenic therapy has an 
important clinical implication. TACE is currently a pri-
mary therapeutic option, especially for unresectable HCC 
patients  [35] . If the HCC tumor receives perfusion from 
the portal vein, then the efficacy of TACE becomes sig-
nificantly jeopardized. Unlike the hepatic artery, the por-
tal vein cannot be approached via a superficial vascular 
route. If the tumor receives blood from the portal vein in 
addition to the hepatic artery, then TACE treatment be-
comes incomplete because it only embolizes the tumor-
feeding artery. 

  In our study, 1 mouse (16.7%) had a marked reduction 
in tumor vascular staining on latex arteriography, which 
might represent pruning of tumor arterioles. This was an 
unexpected result because we considered vascular prun-
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ing and normalization as events on the level of the capil-
laries, which are vessels that are too small for the latex dye 
to enter. Therefore, we considered that latex arteriogra-
phy would not demonstrate a significant phenotype re-
gardless of whether or not changes in microvessel struc-
ture do occur. Currently, we are hesitant to validate this 
event, which was observed in only 1 mouse. This observa-
tion does not affect the main conclusion of the study re-
garding the observed rearrangement of the tumor vascu-
lar network which led to establishing communication 
with the portal vein.

  We believe that our results support previous theories 
on tumor hypoxia, evasive resistance to antiangiogenic 

therapies and/or more aggressive tumor growth after 
antiangiogenic therapies. Many researchers report that 
tissue hypoxia in response to antiangiogenic therapy 
enhances tumor aggressiveness. Hypoxia-inducible fac-
tor 1α (HIF-1α) and HIF-2α are responsible for resis-
tance to antiangiogenic therapy  [36, 37] . If hypoxia is an 
important factor, we believe that tumor vascular net-
work rearrangement to receive relatively deoxygenated 
portal venous blood would be an efficient way to subject 
the tumor to hypoxic conditions. Portal venous blood 
also contains rich nutrition absorbed from the small in-
testines, which the tumor can use to fuel aggressive 
growth.

Tumor-feeding artery and
aberrant arterioles

Antiangiogenic
therapy

a

Portal venules 

Tumor-feeding artery
and aberrant arteriolesb

  Fig. 3.  A schematic diagram illustrates a 
model for tumor vascular network rear-
rangement induced by antiangiogenic 
therapy.  a  A fully developed hepatocellular 
carcinoma typically is supplied by tumor-
feeding arteries and aberrant arterioles, but 
is devoid of portal venous perfusion.  b  An-
tiangiogenic treatment can induce tumor 
vascular network rearrangement so that it 
receives portal venous perfusion in addi-
tion to arterial perfusion from the tumor-
feeding artery.                   
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  We recognize 3 limitations in our study. First, we se-
lected the LLC-implanted tumor model based on its sim-
ilarities to HCC with respect to tumor-feeding vessels and 
angiographic characteristics. We acknowledge that the 
nature of this model can differ from that of human HCC. 
However, we justify our choice by the fact that it was 
based on the results of our previous study which exam-
ined several liver tumor models  [15] , and that it serves as 
a liver hypervascular metastasis model. Second, we were 
not able to provide mechanistic and histological evalua-
tions to support our conclusion. The process of latex per-
fusion and tissue clearance with organic solvents convert-
ed the tissue’s physical consistency, and specimens with 
vascular rearrangement could not be used for further bio-
chemical and/or physiological analyses. Third, the latex 
angiography method we used is an ex vivo method that 
cannot be used for serial imaging. Therefore, we were not 
able to compare the vascular state before and after per-
forming antiangiogenic therapy.

  In conclusion, we adopted a liver tumor model, in 
which the angiographic features of the tumor-feeding 
vessels resemble those of human HCC and hypervascular 
metastasis, in order to study the effects of antiangiogenic 
treatment on tumor vasculature. The results indicate that 
antiangiogenic treatment can cause the solely arterial-
ized tumor vascular network to rearrange and simultane-
ously receive portal venous blood and arterial blood. This 
phenomenon provides a hemodynamic explanation for 
how hepatic tumors (including but not limited to HCC) 
maintain perfusion, despite antiangiogenic treatment, 
and ultimately gain resistance to antiangiogenic thera-
pies.
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