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Abstract

Portal hypertension, the most important complication with cirrhosis of the liver, is a serious disease. Sorafenib, a tyrosine
kinase inhibitor is validated in advanced hepatocellular carcinoma. Because angiogenesis is a pathological hallmark of portal
hypertension, the goal of our study was to determine the effect of sorafenib on portal venous flow and portosystemic
collateral circulation in patients receiving sorafenib therapy for advanced hepatocellular carcinoma. Porto-collateral
circulations were evaluated using a magnetic resonance technique prior sorafenib therapy, and at day 30. All patients under
sorafenib therapy had a decrease in portal venous flow of at least 36%. In contrast, no specific change was observed in the
azygos vein or the abdominal aorta. No portal venous flow modification was observed in the control group. Sorafenib is the
first anti-angiogenic therapy to demonstrate a beneficial and reversible decrease of portal venous flow among cirrhotic
patients.
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Introduction

Cirrhosis is a major public health problem, most commonly

caused by alcoholism or viral hepatitis. Complications from

advanced cirrhosis include hepatocellular carcinoma (HCC) and

portal hypertension. Portal hypertension is characterized by a

increased blood flow in the splanchnic organs draining into the

portal vein and by the formation of porto-systemic collateral

vessels, including gastroesophageal varices that can rupture and

cause life-threatening bleeding[1,2] Current pharmacotherapy for

portal hypertension is limited to beta-blockers, but these drugs

have an unpredictable response and can cause significant adverse

events. [1,3,4]

One of the underlying causes of cirrhotic portal hypertension is

the growth of collateral circulation [2]. In recent years, it has

become increasingly evident that disturbances in the liver

microcirculation, hypoxia and angiogenesis may occur in the

injured liver and that angiogenesis plays a key role in the

progression of liver fibrosis [5]. In experimental models of portal

hypertension, a number of receptor tyrosine kinase inhibitors,

including imatinib, sunitinib and sorafenib, have been shown to

regulate splanchnic neovascularization and improve portal

hypertension [6,7]. Hence, receptor tyrosine kinase inhibitors

offer a promising new approach to the management of portal

hypertension.[8,9]

Sorafenib (BAY-43-9006 NexavarH, Bayer Pharmaceuticals

Corp., Wayne NJ and Onyx Pharmaceuticals Inc., Emeryville

CA), an oral multikinase inhibitor of the VEGF and the PDGF

receptors and Raf, decreases tumor growth and inhibits

angiogenesis in advanced HCC [10,11,12]. Sorafenib is already

in clinical use as an anticancer drug that targets tumour cell

proliferation and angiogenesis [11] and is approved for

treatment of renal cell carcinoma [13] and for HCC [10]. Also,

sorafenib has demonstrated clinical activity in various malig-

nancies, including lung cancer, [14] thyroid cancer, [15] and

soft tissue sarcomas [16,17]. In advanced HCC (Child–Pugh

class A), sorafenib is the only nonsurgical and nonradiological

treatment to have demonstrated efficacy in improving survival

in this disease.

However, sorafenib can lead to endothelial injury and promote

vascular leakage, and is not approved for patients with portal

hypertension complicated by cirrhosis of the liver and advanced

HCC (Child–Pugh class B to C), even in the absence of

gastrointestinal bleeding. [10,11,12]

It has been recently demonstrated in preclinical studies that

sorafenib had a beneficial effect on porto-collateral circulation in

cirrhotic animal with portal hypertension. [8,18] However, no

data have been presented at this time in humans. We report here

portocollateral circulation changes in cirrhotic patients with

advanced HCC treated with sorafenib.
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Methods

Patient Population
Seven patients with advanced-stage HCC and portal hyperten-

sion were treated with sorafenib, at a validated dose of 400 mg

twice daily until there was evidence of disease progression.

Sorafenib was administered at 50% of the planned dose if any

severe adverse events related to the study drug occurred, and in

frail patients.[10] In sorafenib group, treatment interruptions and

up to two dose reductions (first to 400 mg once daily and then to

400 mg every 2 days) were done in case of drug-related adverse

effects. If further dose reductions were required, patients were

withdrawn from the study. Treatment continued until the

occurrence of either radiologic progression, as defined by RECIST

criteria [19] or symptomatic progression.

Patients were included in the study if they fulfilled inclusion

criteria and agreed to undergo repeat Magnetic Resonance

Imaging during follow-up. None of the patients included in the

present study received beta-blockers, in order to avoid confusion in

the respective roles of beta-blockers and sorafenib on portal

venous flow. Seven patients received at least one month of

sorafenib therapy and underwent a second Magnetic Resonance

Imaging. In a control group, the first nine patients who fulfilled the

inclusion criteria and accepted repeated Magnetic Resonance

Imaging were included.

An evaluation of porto-collateral circulations using a magnetic

resonance technique was done before starting treatment, and at

day 30. Five out of seven had a post therapy evaluation 30 days

after withdrawal of sorafenib. To evaluate porto-collateral

modification in cirrhotic patients, nine cirrhotic patients (control

group) received an evaluation of porto-collateral circulations using

a magnetic resonance technique was done at day 0 and day 30. All

patients presented a normal blood pressure and no patients

received beta-blocker therapy.

Assessment of Blood Flow
Flow in the azygos vein and the portal venous systems were

quantified with cine-phase contrast magnetic resonance imaging

velocity mapping. [20,21] Magnetic resonance imaging examina-

tions were performed with a 1.5 T MR unit (Siemens Medical

Solutions, Avanto, Erlangen, Germany) with electrocardiographic

gating, using a cardiac dedicated 32-channel phased-array coil,

and parallel acquisition to reduce the duration of acquisition. The

time resolution was 16 frames in one cardiac cycle. Azygos flow

was measured at the mid-thoracic level. Anatomical evaluation of

the azygos and portal venous systems with axial, coronal, and

oblique breath-hold sequences was performed to ensure the

correct acquisition plane, perpendicular to the vein for flow

quantification. Each set was reconstructed to yield a magnitude

image and a velocity encoded phase-contrast image. Portal flow

was measured in the main segment 20 mm proximal to the portal

bifurcation. Volumetric flow rate was obtained from the product

of the cross-sectional area and the velocity. Hand-drawn circular

regions of interest were placed on the magnitude images so that all

pixels of the vessel were included (Fig. 1).

Magnetic Resonance Imaging using phase-contrast velocity

allows for direct non-invasive quantification evaluation of flow

dynamics. Magnetic resonance Imaging was used to prevent flow

variability measurements and to allow azygos venous flow

evaluation. Phase-contrast Magnetic Resonance Imaging flow

has the advantage to avoid intravenous injection of contrast media

in this frail population. Phase-contrast flows measurements have

been validated in vitro [22] as well as in vivo, including as an

evaluation technique of the portal [23] and azygos venous flows

[24]. Also, Magnetic Resonance Imaging Phase-contrast is a

reproducible technique compared to ultrasonographic examina-

tion, which is a simpler technique but suffered from a high

variability in repeated measurements. The Magnetic Resonance

Imaging technique could help to improve Doppler flow calcula-

tions, thereby allowing standardization of protocols.

Results

Patient Characteristics
Between October 2009 and July 2010, 7 patients with

advanced-stage HCC received sorafenib therapy according to

the schedule described above and 9 patients were included in the

control group. The patients’ characteristics are shown in Table 1.

Both in sorafenib group and in control group, the disease at

baseline was rate as Child-Pugh class A or B. Chronic hepatitis C

virus and alcohol were the predominant causes of liver disease in

both group. There were no relevant differences between the two

groups with respect to previous anti tumor therapy for HCC. Two

(29%) patients had undergone surgery for HCC, and six (86%)

had received prior transarterial chemoembolization therapy.

Toxicity
All patients from sorafenib group reported cutaneous adverse

events and one patient developed a grade 3 hand-foot reaction

necessitating discontinuation of sorafenib. There were no reports

of hypertension or renal toxicity. In both groups, no patients had

deterioration of liver function, history of esophageal variceal

bleeding or an introduction of a beta-blocker therapy during the

period of monitoring. None of the patients were rehospitalized for

reasons related to acute toxicity of sorafenib. Either in sorafenib

group or in control group, no patient experienced specific cirrhosis

complications such as acute oesophageal variceal bleeding or renal

dysfunction during the study.

Blood Flow
At baseline, all patients had portal venous blood flow, values

consistent with those observed in control group or previously

described in cirrhotic patients (Table 2). [25] Patients from control

group had no modification of porto-collateral circulations during

the period of monitoring while patients under sorafenib therapy

had a decrease in portal venous flow of at least 36% (Fig. 2a). At

withdrawal, portal venous flow seeks to recover values before

sorafenib. In contrast, no specific change was observed in the

azygos vein or the abdominal aorta (Fig. 2b, c).

Anti-Tumor Activity
At the time of analysis, two patients were still alive. At first

assessment, patients achieved either a partial response or stable

disease. Median progression free survival and overall survival were

153 days and 301 days respectively.

Discussion

We report a significant reduction in portal venous flow (54% of

mean portal venous flow) in seven patients with advanced HCC

receiving sorafenib. Sorafenib is a potent multikinase inhibitor that

targets the Raf/MEK/ERK pathway, as well as VEGFR1/2/3,

PDGFR-b, KIT, Flt-3, and RET,[11] and has been approved in

several countries worldwide for the treatment of renal cell

carcinoma and HCC.[10,13] In the SHARP study, sorafenib

was both effective and safe in patients with advanced

HCC,[10,11,12] but Child–Pugh liver function class B or C was

an exclusion criterion.[10] Importantly, this classification does not
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evaluate the severity of portal hypertension, but reflects the extent

of biological and clinical complications of cirrhosis. [26]

Receptor tyrosine kinase inhibitors have begun to receive a

greater attention as a potential therapy in the treatment of portal

hypertension and cirrhosis. [9] In our series, we highlight for the

first time the positive side effect of sorafenib on portal

hypertension. Our study confirms in the clinical setting the

findings of previous preclinical studies. However, the generaliza-

tion of our results is made difficult by the small population size.

Therefore, a larger study is warranted to confirm our results. Our

data suggest a beneficial effect in a one-month survey, but data are

lacking on sorafenib long-term effects on portal venous flow. Also,

one patient out of seven received a lower dose of sorafenib,

showing a maintained effect on portal venous flow even at low

doses. This case raises the question about the optimal dose to

control portal venous flow, which could be explored in a phase I

study.

In sorafenib group, 3 patients (43%) received 50% of the

planned dose, resulting in a mean decrease of the portal venous

flow of 32%. Those data suggest that a smaller dose of sorafenib

than the one validated for HCC is able to decrease portal venous

flow and modulate porto-collateral circulation.

Portal hypertension is the most important complication and the

leading cause of mortality worldwide in patients with chronic liver

diseases. [27] A characteristic feature of portal hypertension is the

development of hyperdynamic splanchnic organs draining into the

portal vein and subsequent portal venous inflow. Fernandez et al.

[28,29,30] demonstrated that an increase in the splanchnic

vascular bed size mediated by a VEGF-dependent angiogenic

process contributed significantly to increased overall blood flow in

splanchnic tissues in animal models of portal hyperten-

sion.[28,29,30] Interestingly, Mejias et al. showed that the effect

of sorafenib daily were observed not only in the intrahepatic

circulation, but also in the systemic and collaterals circulations

suggesting the benefit of sorafenib in portal hypertension [8]. In

our study, all patients receiving sorafenib therapy decrease portal

venous flow and mean portal venous flow recovers its initial after

sorafenib withdrawal. Those data are not related with a

degradation of cirrhosis because no deterioration of the liver

function was observed within the period.

Anti-VEGF agents are associated with an increased risk of

bleeding. Most bleeding events are mild (grade 1–2), and may

occur at any site (not specifically in the gastro-intestinal tract) [31].

On the other hand, cirrhotic patients do present a higher risk of

bleeding events than the general population. As an illustration, in

Abou-alfa study focusing on this frail population, only one out of

137 patients receiving sorafenib develops a grade 5 intracranial

haemorrhage [32]. Also, patients receiving sunitinib do present a

higher risk of bleeding events than those receiving sorafenib [31].

Je et al, in a systematic review and a meta-analysis of clinical trials

showed for all grade bleeding a relative risk of 1.86 (1.33–2.6,

p,0.0001) and for high grade bleeding a relative risk of 1.16

Figure 1. Female Patient, Aged 56 Years (Patient 2). Coronal (a) and transaxial (b) localizing image planned along the course of the portal vein
(line). Based on these images, a phase-contrast enconding sequence was planned perpendicular to the course of the portal vein (line). c: Portal vein
(arrowhead) velocity-encoded phase-contrast image. d: Portal vein (arrow) magnitude image.
doi:10.1371/journal.pone.0016978.g001
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(0.57–2.35, p = 0.688) [31]. Indeed, bleeding events were not

observed in our study, possibly due to the small size of patients’

population.

VEGF-dependent angiogenesis plays a crucial role in the

formation of portal collateral vessels.[28,29,30] Interestingly,

Fernandez et al. suggested that the dual inhibition of VEGF-

and PDGF-signaling pathways significantly reduced splanchnic

neovascularization and pericyte coverage of neovessels, and

translated into hemodynamic effects as a 40% decrease in portal

pressure in a rat model.[33]

Meijas et al. demonstrated beneficial effects of sorafenib on

intra-hepatic and portal circulations in cirrhotic rats.[8] It has also

been shown to reduce portal pressure, superior mesenterial artery

blood flow, and porto-systemic collateral blood flow in non

cirrhotic rats with prehepatic portal hypertension, without

affecting systemic hemodynamics.[18] Similarly, our present data

suggest that sorafenib decreases portal venous blood flow without

modifying aortic blood flow or azygos venous blood flow in

patients with advanced HCC. Since HCC is a common

complication of advanced cirrhosis, sorafenib is currently being

used in patients with portal hypertension. Sorafenib should

therefore be considered as an option to decrease portal

hypertension in cirrhotic patients with advanced HCC.

Although beta blockers and endoscopic therapy are the only

therapies proven to prevent portal hypertension induced bleeding,

our data suggest that sorafenib might have a positive effect on

portal venous flow. Hence, further studies should evaluate the

impact of sorafenib compared to that of beta-blockers.

The dual inhibition of the VEGF- and PDGF-signaling

pathways induced by sorafenib likely accounts for the decrease

in portal venous flow observed in our patients. It has been

suggested that the VEGF-signaling pathway is required not only

for the development but also for the maintenance of portal

hypertension.[8,33] Consequently, inhibition of this pathway

results in a significant attenuation of portal pressure and in

reversal of the hyperdynamic splanchnic circulation in rats with

advanced portal hypertension.[33] Those findings are consistent

with our present data in humans, indicating up to an 84%

decrease in mean portal venous flow within 30 days on sorafenib

therapy, and a complete reversible effect in portal venous flow 30

days after sorafenib withdrawal.

Ebos et al. [34] have shown in preclinical models that priming

with anti-VEGF agents promote tumour growth and dissemina-

tion. These findings suggest that short-term anti-VEGF therapy

induces a ‘‘metastatic conditioning’’ in healthy organs. Hence, one

could expect that short-term treatment of cirrhotic patients with

sorafenib could promote tumour growth of a forthcoming cancer.

So far, portal hypertension therapies such as beta blockers are

introduced as soon as the portal hypertension is diagnosed, and

pursued continuously until death. As well, in line with the results of

Ebos et al. [34], we postulate that sorafenib might be administered

indefinitely, thereby avoiding the deleterious effects observed at

withdrawal of anti-VEGF therapy.

Sorafenib is the first drug to demonstrate a survival benefit and

manageable side effects in patients with advanced HCC Child–

Pugh class A. [10] Our data in patients with advanced HCC show

a consistent decrease in portal pressure within 30 days of therapy,

suggesting that sorafenib may also represent an option for patients

Table 1. Patients Characteristics.

Sorafenib Group Control Group

Patients 7 9

Age (years) 62.8 6 15.7 52.9 6 11.4

Sex (%) Male/Female 57/43 100/0

ECOG Performance status (%)

0 4 7

1 3 2

$2 0 0

BMI (kg/m2)

#18 1 1

18–25 3 5

.25 3 3

Child-Pugh classification

A/B/C 5/2/0 5/4/0

Meld Classification
,9
10–19
.20

4
3
0

4
5
0

Cause of Cirrhosis

- Hepatitis C only 3 3

- Hepatitis B only 2 0

- Alcohol only 1 3

- Other 2 3

Oesophageal Varices

Grade 0/I/II 1/3/3 1/4/4

Advanced Hepatocellular Carcinoma 7 -

Prior therapy

- Surgical resection 2

- Locoregional therapy

- Transarterial Chemoembolization 6

- Radiofrequency ablation 1

- Systemic anticancer therapy 1

doi:10.1371/journal.pone.0016978.t001

Table 2. Venous Flow at base line.

Sorafenib
Group Control Group

Magnetic resonance imaging 7 9

Portal Vein

Portal Flow (ml/s) 6.262.9 7.263.9

Portal Velocity (cm/s) 8.563.9 9.163.6

Peak Portal Velocity (cm/s) 11.764.7 13.863.9

Azygos Vein

Azygos Flow (ml/s) 2.962.6 2.461.2

AzygosVelocity (cm/s) 13.664.7 10.463.4

Peak Azygos Velocity (cm/s) 25.866.3 20.467.0

Abdominal Aorta

Aortic Flow (ml/s) 36.1619 55.9620.6

Aortic Velocity (cm/s) 13.464.2 23.566.2

Peak Aortic Velocity (cm/s) 53.5619.8 70.6616.4

Results are expressed as mean 6 SD.
doi:10.1371/journal.pone.0016978.t002
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with portal hypertension Child–Pugh class A and B. These

findings deserve further investigation in larger prospective trials.

Acknowledgments

We thank Professor Gérard Friedlander, MD, PhD for providing language

assistance.

Author Contributions

Conceived and designed the experiments: RC HG OM SR PL FG.

Performed the experiments: HG OV BB PL SP PS. Analyzed the

data: RC HG OM SR SC BB PL FG PS. Contributed reagents/

materials/analysis tools: RC HG OM. Wrote the paper: RC OM

HG.

Figure 2. Modification of Blood flow measured on Magnetic Resonance Imaging under sorafenib therapy and after withdrawal. (a)
Portal Venous flow, (b) Azygos Venous flow, and (c) Abdominal Aortic Flow.
doi:10.1371/journal.pone.0016978.g002

Portal Venous Flow and Sorafenib

PLoS ONE | www.plosone.org 5 February 2011 | Volume 6 | Issue 2 | e16978



References

1. Garcia-Tsao G, Sanyal AJ, Grace ND, Carey W (2007) Prevention and
management of gastroesophageal varices and variceal hemorrhage in cirrhosis.

Hepatology 46: 922–938.
2. Garcia-Tsao G, Bosch J (2010) Management of varices and variceal hemorrhage

in cirrhosis. N Engl J Med 362: 823–832.
3. de Franchis R (2005) Evolving consensus in portal hypertension. Report of the

Baveno IV consensus workshop on methodology of diagnosis and therapy in

portal hypertension. J Hepatol 43: 167–176.
4. Thalheimer U, Bosch J, Burroughs AK (2007) How to prevent varices from

bleeding: shades of grey–the case for nonselective beta blockers. Gastroenter-
ology 133: 2029–2036.

5. Rosmorduc O (2010) Antiangiogenic therapies in portal hypertension: A

breakthrough in hepatology. Gastroenterol Clin Biol 34: 446–9.
6. Semela D, Das A, Langer D, Kang N, Leof E, et al. (2008) Platelet-derived

growth factor signaling through ephrin-b2 regulates hepatic vascular structure
and function. Gastroenterology 135: 671–679.

7. Tugues S, Fernandez-Varo G, Munoz-Luque J, Ros J, Arroyo V, et al. (2007)

Antiangiogenic treatment with sunitinib ameliorates inflammatory infiltrate,
fibrosis, and portal pressure in cirrhotic rats. Hepatology 46: 1919–1926.

8. Mejias M, Garcia-Pras E, Tiani C, Miquel R, Bosch J, et al. (2009) Beneficial
effects of sorafenib on splanchnic, intrahepatic, and portocollateral circulations

in portal hypertensive and cirrhotic rats. Hepatology 49: 1245–1256.
9. Shah VH, Bruix J (2009) Antiangiogenic therapy: not just for cancer anymore?

Hepatology 49: 1066–1068.

10. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, et al. (2008) Sorafenib in
advanced hepatocellular carcinoma. N Engl J Med 359: 378–390.

11. Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, et al. (2004) BAY 43-
9006 exhibits broad spectrum oral antitumor activity and targets the RAF/

MEK/ERK pathway and receptor tyrosine kinases involved in tumor

progression and angiogenesis. Cancer Res 64: 7099–7109.
12. Adnane L, Trail PA, Taylor I, Wilhelm SM (2006) Sorafenib (BAY 43-9006,

Nexavar), a dual-action inhibitor that targets RAF/MEK/ERK pathway in
tumor cells and tyrosine kinases VEGFR/PDGFR in tumor vasculature.

Methods Enzymol 407: 597–612.
13. Escudier B, Eisen T, Stadler WM, Szczylik C, Oudard S, et al. (2007) Sorafenib

in advanced clear-cell renal-cell carcinoma. N Engl J Med 356: 125–134.

14. Scagliotti G, Novello S, von Pawel J, Reck M, Pereira JR, et al. (2010) Phase III
study of carboplatin and paclitaxel alone or with sorafenib in advanced non-

small-cell lung cancer. J Clin Oncol 28: 1835–1842.
15. Lam ET, Ringel MD, Kloos RT, Prior TW, Knopp MV, et al. (2010) Phase II

clinical trial of sorafenib in metastatic medullary thyroid cancer. J Clin Oncol

28: 2323–2330.
16. Maki RG, D’Adamo DR, Keohan ML, Saulle M, Schuetze SM, et al. (2009)

Phase II study of sorafenib in patients with metastatic or recurrent sarcomas.
J Clin Oncol 27: 3133–3140.

17. Huynh H, Lee JW, Chow PK, Ngo VC, Lew GB, et al. (2009) Sorafenib induces
growth suppression in mouse models of gastrointestinal stromal tumor. Mol

Cancer Ther 8: 152–159.

18. Reiberger T, Angermayr B, Schwabl P, Rohr-Udilova N, Mitterhauser M, et al.
(2009) Sorafenib attenuates the portal hypertensive syndrome in partial portal

vein ligated rats. J Hepatol 51: 865–873.
19. Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS, et al. (2000)

New guidelines to evaluate the response to treatment in solid tumors. European

Organization for Research and Treatment of Cancer, National Cancer Institute
of the United States, National Cancer Institute of Canada. J Natl Cancer Inst 92:

205–216.
20. Kondo C, Caputo GR, Semelka R, Foster E, Shimakawa A, et al. (1991) Right

and left ventricular stroke volume measurements with velocity-encoded cine MR
imaging: in vitro and in vivo validation. AJR Am J Roentgenol 157: 9–16.

21. Wu MT, Pan HB, Chen C, Chang JM, Lo GH, et al. (1996) Azygos blood flow

in cirrhosis: measurement with MR imaging and correlation with variceal
hemorrhage. Radiology 198: 457–462.

22. Evans AJ, Iwai F, Grist TA, Sostman HD, Hedlund LW, et al. (1993) Magnetic
resonance imaging of blood flow with a phase subtraction technique. In vitro

and in vivo validation. Invest Radiol 28: 109–115.

23. Burkart DJ, Johnson CD, Ehman RL, Weaver AL, Ilstrup DM (1993)
Evaluation of portal venous hypertension with cine phase-contrast MR flow

measurements: high association of hyperdynamic portal flow with variceal
hemorrhage. Radiology 188: 643–648.

24. Debatin JF, Zahner B, Meyenberger C, Romanowski B, Schopke W, et al.

(1996) Azygos blood flow: phase contrast quantitation in volunteers and patients
with portal hypertension pre- and postintrahepatic shunt placement. Hepatology

24: 1109–1115.
25. Kayacetin E, Efe D, Dogan C (2004) Portal and splenic hemodynamics in

cirrhotic patients: relationship between esophageal variceal bleeding and the
severity of hepatic failure. J Gastroenterol 39: 661–667.

26. Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC, Williams R (1973)

Transection of the oesophagus for bleeding oesophageal varices. Br J Surg 60:
646–649.

27. Bosch J, Pizcueta P, Feu F, Fernandez M, Garcia-Pagan JC (1992)
Pathophysiology of portal hypertension. Gastroenterol Clin North Am 21: 1–14.

28. Fernandez M, Mejias M, Angermayr B, Garcia-Pagan JC, Rodes J, et al. (2005)

Inhibition of VEGF receptor-2 decreases the development of hyperdynamic
splanchnic circulation and portal-systemic collateral vessels in portal hyperten-

sive rats. J Hepatol 43: 98–103.
29. Angermayr B, Mejias M, Gracia-Sancho J, Garcia-Pagan JC, Bosch J, et al.

(2006) Heme oxygenase attenuates oxidative stress and inflammation, and
increases VEGF expression in portal hypertensive rats. J Hepatol 44:

1033–1039.

30. Angermayr B, Fernandez M, Mejias M, Gracia-Sancho J, Garcia-Pagan JC,
et al. (2007) NAD(P)H oxidase modulates angiogenesis and the development of

portosystemic collaterals and splanchnic hyperaemia in portal hypertensive rats.
Gut 56: 560–564.

31. Je Y, Schutz FA, Choueiri TK (2009) Risk of bleeding with vascular endothelial

growth factor receptor tyrosine-kinase inhibitors sunitinib and sorafenib: a
systematic review and meta-analysis of clinical trials. Lancet Oncol 10: 967–974.

32. Abou-Alfa GK, Schwartz L, Ricci S, Amadori D, Santoro A, et al. (2006) Phase
II study of sorafenib in patients with advanced hepatocellular carcinoma. J Clin

Oncol 24: 4293–4300.
33. Fernandez M, Mejias M, Garcia-Pras E, Mendez R, Garcia-Pagan JC, et al.

(2007) Reversal of portal hypertension and hyperdynamic splanchnic circulation

by combined vascular endothelial growth factor and platelet-derived growth
factor blockade in rats. Hepatology 46: 1208–1217.

34. Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG, et al. (2009)
Accelerated metastasis after short-term treatment with a potent inhibitor of

tumor angiogenesis. Cancer Cell 15: 232–239.

Portal Venous Flow and Sorafenib

PLoS ONE | www.plosone.org 6 February 2011 | Volume 6 | Issue 2 | e16978


