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Portal hypertension is a common clinical syndrome associated with chronic liver diseases 
and is characterized by a pathological increase in portal pressure. Increase in portal 
pressure is because of an increase in vascular resistance and an elevated portal blood flow. 
The site of increased intrahepatic resistance is variable and is dependent on the disease 
process. The site of obstruction may be: pre-hepatic, hepatic, and/or post-hepatic. In 
addition, part of the increased intrahepatic resistance is because of increased vascular tone. 
Another important factor contributing to increased portal pressure is elevated blood flow. 
Peripheral vasodilatation initiates the classical profile of decreased systemic resistance, 
expanded plasma volume, elevated splanchnic blood flow and elevated cardiac index. The 
elevated portal pressure leads to formation of portosystemic collaterals and oesophageal 
varices. Pharmacotherapy for portal hypertension is aimed at reducing both intrahepatic 
vascular tone and elevated splanchnic blood flow. 
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Portal hypertension is a common clinical syndrome associated with chronic 
liver diseases and is characterized by a pathological increase in portal 
pressure. Elevated portal pressure results in extensive formation of porto- 
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systemic collaterals that divert portal blood to the systemic circulation. This 
causes many haemodynamic disturbances, which result in complications of 
portal hypertension. The major consequences of portal hypertension are 
gastrointestinal bleeding from ruptured oesophageal varices, ascites 
formation and hepatic encephalopathy. A grasp of the biological mech- 
anisms involved in the pathogenesis of portal hypertension is essential to an 
understanding of the complications of chronic liver disease and to the 
development of rational therapies. This chapter is an overview of the basic 
pathophysiological mechanisms of the splanchnic and systemic circulatory 
derangements that lead to portal hypertension and cause the portosystemic 
collaterals to develop. 

Some recapitulation of general principles is essential to the understand- 
ing of the pathophysiology of portal hypertension. When Ohm’s law is 
applied to the vascular system, the pressure gradient between two points 
(Pl - P2) in a blood vessel can be described as the product of blood flow 
(Q) and resistance to flow (R) 

PI-P2=QxR 

Unlike pressure and flow, resistance can not be directly measured, but it can 
be derived from pressure and flow. However, resistance to the flow of blood 
in a vessel is best understood when expressed according to Pouseuille’s law: 

R- 8qL 
7cr4 

in which 
IJ = coefficient of viscosity 
L = length of vessel 
r = radius of vessel 

Expressed in these terms, substitution of resistance (R) into Ohm’s equation 
yields 

p, -p2=e 
7v4 

Under physiological conditions, the length of blood vessel (L) can be 
assumed to be constant. Similarly, unless there are large changes in 
haematocrit, the viscosity (rl) is taken as constant. Hence, the changes in 
the pressure (PI - P2) are largely accounted for by changes in flow (Q) and 
are inversely related to the changes in the radius (r) of the vessel. The 
contribution of these factors to the portal hypertensive syndrome will be 
discussed in the subsequent sections (Figure 1). 

INCREASED RESISTANCE 

Portal hypertension is associated with increased resistance to portal blood 
flow. Increased vascular resistance is because of an increase in both intra- 
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Figure 1. Contributing factors to portal hypertension. 

hepatic and portosystemic collateral resistance in comparison with the low 
resistance of the normal liver. 

Intrahepatic resistance 

The normal liver is a very compliant organ. Hence, the intrahepatic resist- 
ance decreases with increase in blood flow because of distension of the 
vascular tree in response to increased inflow. This compensatory mech- 
anism maintains the portal pressure within normal limits with a wide range 
of portal flow in normal livers (Greenway and Stark, 1971). This 
phenomenon is not seen in the portal hypertensive states in which the intra- 
hepatic resistance becomes fixed due to fibrosis and mechanical distortion 
of the vascular tree and the hepatic vascular compliance is greatly reduced. 
Moreover, the splanchnic flow is increased as discussed in the subsequent 
sections. Decreased compliance and increased blood flow are probably 
instrumental in initiating and perpetuating the portal hypertension. 

As stated above, there is little resistance in the normal liver, and the 
portal pressure remains low (4-8 mmHg) over a wide range of portal flows. 
The main site of resistance in normal livers is somewhat controversial. The 
hepatic sinusoids (where stellate cells are present), terminal hepatic venules 
and also portal venules have been suggested as possible sites of resistance. 
However, in view of the minimal contribution of intrahepatic resistance to 
portal pressure in the normal liver, this issue is of little importance. The 
flow into the portal system is actively regulated by changes in vascular 
resistance at the level of splanchnic arterioles and not by the liver itself 
(Greenway and Stark, 1971). In portal hypertensive syndromes, increased 
resistance to portal venous flow may be localized to pre-hepatic, post- 
hepatic, or intrahepatic (pre-sinusoidal, sinusoidal or post-sinusoidal) sites 
(Genecin and Groszmann, 1993). In pre-hepatic and post-hepatic portal 
hypertension, increased resistance is secondary to obstruction of portal 
venous inflow or hepatic venous outflow, respectively. Unlike pre- and 
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post-hepatic portal hypertension, the intrahepatic syndromes are more 
complex and rarely can be classified according to a single site of resistance. 

An early view of vascular resistance in cirrhotic livers hypothesized that 
portal hypertension is the consequence of a vascular obliterative process 
with scar tissue and regenerative nodules, both occluding and compressing 
vascular structures (Popper, 1958; Baldus and Hoffbauer, 1963). Thus 
earlier understanding of intrahepatic portal hypertension emphasized the 
role of anatomical alterations leading to mechanical obstruction 
(irreversible component) in the increased intrahepatic resistance. However, 
recently it has been shown that there is also an increased vascular tone in 
the cirrhotic liver (reversible component) (Bhathal, 1985). 

In intrahepatic portal hypertension, there may be several areas of 
obstruction, and as the disease progresses, new sites may become involved. 
For example, in hepatic schistosomiasis, the increased intrahepatic resist- 
ance results from granulomas located in the presinusoidal areas (Beker and 
Valencia-Parparcen, 1968). However, in late stages, an elevated hepatic 
wedge venous pressure gradient may be observed, reflecting increased 
sinusoidal resistance. Chronic hepatitis seems to have both pre-sinusoidal 
and sinusoidal abnormalities, which increasingly contribute to vascular 
resistance as the lesion progresses towards cirrhosis (van Leeuwen et al, 
1991). In ethanol-induced liver disease, the resistance is increased because 
of lesions in sinusoidal and post-sinusoidal sites. The terminal hepatic vein 
fibrosis (or sclerosis), encroachment on sinusoids by enlarged hepatocytes, 
collagen deposition in the perisinusoidal region or the space of Disse, result 
in elevated portal pressure even in a pre-cirrhotic stage (Schaffner and 
Popper, 1963; Reynolds et al, 1969; Lieber et al, 1976). However, in 
advanced stage or cirrhosis, regenerating nodules and pruning of the 
vascular tree contribute to increased vascular resistance. A variety of other 
non-alcoholic liver diseases cause portal hypertension because of increased 
sinusoidal vascular resistance. In hepatic amyloidosis, resistance is 
increased due to deposition of amyloid in the space of Disse (Brion et al, 
1991). The capillarization process and occlusion of the fenestrae are 
postulated to increase the resistance of passage of fluid across the endo- 
thelium, but the extent of their effect on resistance to blood flow is 
unknown. 

The morphological changes that occur in chronic liver diseases are 
undoubtedly the most important factor involved in the increased intra- 
hepatic resistance. However, recent data also suggest a role of functional 
factors that lead to increased vascular tone, similar to that which is seen in 
the arterial hypertension. In chronic liver disease and also during acute liver 
injury, hepatic stellate cells acquire contractile properties and may 
contribute to the dynamic modulation of intrahepatic resistance (Pinzani et 
al, 1992). These cells may act as pericytes, a type of cell that has been 
shown to regulate blood flow in other organs. The hepatic stellate cells, 
which are also the main source of collagen synthesis, may contribute to the 
regulation of hepatic blood flow at the microcirculatory level. Stellate cells 
are strategically located in the sinusoids with perisinusoidal and inter- 
hepatocellular branching processes that contain actin-like filaments. They 
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also express the alpha smooth-muscle actin gene, which is characteristic of 
vascular smooth muscle cells. The characteristics of these cells make them 
similar to myofibroblast. Myofibroblasts are intermediate in structure 
between smooth muscle cells and fibroblasts. Myofibroblast-like cells have 
been shown to exist in fibrous septa around the sinusoids and terminal 
hepatic venules in cirrhotic livers (Rudolph et al, 1979). These cells are 
postulated to play a role in the regulation of vascular resistance in the 
cirrhotic rat liver (Bhathal and Grossman, 1985). 

The vascular endothelium synthesizes vasodilators such as nitric oxide, 
prostacyclins, hyperpolarizing factor and vasoconstrictors such as endo- 
thelins and prostanoids (Rubnayi, 1990; Vane et al, 1990). These vasoactive 
substances act in a paracrine fashion on the underlying vascular smooth 
muscle and modulate vascular tone. Normal vascular tone is maintained by 
a delicate balance between these vasodilatory and vasoconstrictive 
substances. Perturbation of this balance leads to abnormal vascular tone. 
Increased vascular tone seen in cirrhotic livers could be because of a deficit 
of endothelial vasodilators or an increase in the vasoconstrictors, or 
combination of both. Nitric oxide is a potent endothelial vasodilator that has 
been shown to play an important role in the modulation of intrahepatic 
vascular tone in normal livers (Mittal et al, 1994). Preliminary evidence 
from our laboratory suggest that there may be deficit of nitric oxide in the 
cirrhotic intrahepatic microcirculation as seen in other hypertensive 
regional microcirculations (Gupta and Groszmann, 1994). Using an isolated 
rat liver perfusion model, we have demonstrated that there is endothelial 
dysfunction in the intrahepatic microcirculation of cirrhotic livers (Gupta et 
al, 1995). Endothelial dysfunction leads to impaired release of endothelial 
vasodilators which, in part, may be responsible for the increased vascular 
tone observed in cirrhotic livers. More recently, it has been shown that the 
stellate cells (myofibroblasts) from cirrhotic livers exhibit an enhanced 
response to endothelins (Rockey and Weisiger, 1996). An imbalance 
between endothelial vasodilators and vasoconstrictors can affect the acti- 
vated stellate cells (myofibroblasts), which modulate intrahepatic vascular 
tone. It is possible that both a deficit of vasodilators and an increase in vaso- 
constrictors may be responsible for the increased vascular tone. 

In summary, there are multiple factors that may lead to increased resist- 
ance to portal blood flow. Some of these are irreversible, such as fibrosis, 
capillarization, regenerating nodules, and some are quite dynamic, such as 
the imbalance between endothelial factors that leads to increased vascular 
tone. 

Portosystemic collateral resistance 

Although the collateral circulation begins as a consequence of portal hyper- 
tension, it evolves into an important mediator of the circulatory derange- 
ments of portal hypertension in its own right. The portosytemic collaterals 
provide a route to decompress the hypertensive portal system; however, the 
vascular resistance of this collateral bed is still greater than the resistance 
of the normal liver. Hence, portosystemic collaterals do not permit a 
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complete portal decompression. Development of portosystemic collaterals 
is discussed in detail later. 

HYPERDYNAMIC CIRCULATION IN 
PORTAL HYPERTENSION 

Chronic elevations in systemic and splanchnic blood flow have been 
documented as key elements of the hyperdynamic circulatory state (HCS) 
of portal hypertensive animals and humans. Peripheral vasodilatation 
initiates the development of the classic profile of decreased systemic 
vascular resistance and mean arterial pressure, plasma volume expansion, 
elevated splanchnic blood flow, and elevated cardiac index that character- 
izes this state (Colombato et al, 1991). 

Systemic vasodilatation 
At least three mechanisms are thought to contribute to this peripheral 
vasodilation: (i) increased concentrations of circulating vasodilators; (ii) 
increased endothelial production of local vasodilators; and (iii) decreased 
vascular responsiveness to endogenous vasoconstrictors. The last mech- 
anism is probably because of the effect of the first two components. The 
relative importance of each of these potential causes of peripheral vaso- 
dilation is unknown. 

Increased circulating vasodilators 

In portal hypertensive states, there is increase in both endothelium- 
dependent and independent vasodilators. Possible aetiologies for increased 
circulatory concentrations of vasodilatory substances include increased 
production, decreased catabolism secondary to impaired hepatic function, 
and portosystemic shunting. 

Circulating bile acids and glucagon increase splanchnic flow. Circulating 
bile acids, routinely cleared by the liver, are present in elevated concen- 
trations when liver function is impaired. Bile acid depletion has been shown 
to be associated with decrease in splanchnic hyperaemia. Experimental 
evidence, however, suggests that an increase in circulating bile acids is not 
essential for maintaining the HCS in portal hypertension. More specifically, 
cholestyramine-induced reduction of bile acids to concentrations seen in 
placebo-treated controls did not ameliorate the haemodynamic changes of 
the HCS in portal hypertensive animals (Genecin et al, 1990b) 

Elevated concentrations of circulating glucagon also have been docu- 
mented in both animals and humans with portal hypertension. Rats with 
portal hypertension induced experimentally by either partial portal vein- 
ligation (PVL) or carbon tetrachloride inhalation had significantly higher 
glucagon and insulin concentrations compared with control rats (Gomis et 
al, 1994; Pizcueta et al, 1995). In addition, pancreatic islet isolates from 
these animals exhibited significantly higher glucagon secretion in response 
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to glucose and arginine administration compared with controls, although 
insulin secretion appeared to be impaired. Of note, this heightened 
pancreatic alpha cell glucagon secretion was not inhibited by increasing the 
glucose concentration in the incubation medium. Intraoperative glucagon 
concentrations measured from the portal vein and inferior vena cava 
increased significantly after surgical portosystemic shunting in Budd- 
Chiari patients and slightly, but not significantly, in cirrhotic patients 
(Sitzmann et al, 1993). Glucagon concentrations in this study, however, did 
not correlate with portal pressure. By infusing glucagon into normal rats to 
achieve levels seen in portal hypertensive rats, Benoit and co-workers 
demonstrated that glucagon significantly reduces splanchnic vascular 
resistance (Benoit et al, 1984). 

Pizcueta and co-workers (1991) have demonstrated in PVL rats that the 
administration of somatostatin, which inhibits glucagon secretion, was asso- 
ciated with a marked decrease in glucagon secretion, a significant decrease 
in portal pressure and portal venous inflow. They postulated that this 
decrease in portal inflow was secondary to increased splanchnic vaso- 
constriction (Pizcueta et al, 1991). Administration of glucagon and somato- 
statin in these animals abolishes the above effects of somatostatin suggesting 
that somatostatin’s haemodynamic effects, probably, are elicited via 
inhibition of glucagon secretion. In an earlier study, we found no correlation 
between glucagon levels and portal venous inflow, thus questioning a major 
role for glucagon in mediating the hyperdynamic circulation (Sikuler and 
Groszmann, 1986). A recent study from our laboratory has not found 
increased levels of glucagon in cirrhotic patients, nor could a correlation be 
demonstrated between changes in their levels and changes in forearm 
haemodynamics (Rodriguez-Perez et al, 1993). Therefore, whether glucagon 
plays a role in the production of the HCS remains unclear. 

Increased endothelial production of vasodilators 

Recently, increasing evidence has pointed towards a major role for the 
endothelium in the maintenance of basal vascular tone and the development 
of local and generalized vasodilatation in portal hypertension. The endo- 
thelium produces at least two substances that are known to contribute to the 
development of systemic and splanchnic vasodilatation in portal hyper- 
tension: nitric oxide (NO) and prostaglandins (Casadevall et al, 1993). 

Nitric oxide. Nitric oxide, previously known as endothelial derived relaxing 
factor, is synthesized from L-arginine by the enzyme nitric oxide synthase 
(NOS), which has constitutive and inducible forms in different cell types. 
Nitric oxide mediates its potent vasodilatory action on smooth muscle cells 
through soluble guanylate cyclase. Evidence exists that elevated production 
of NO is essential to the development of portal hypertension; treatment 
with N-nitro-L-arginine (L-NNA), a competitive inhibitor of NOS, 
prevented the development of peripheral vasodilatation, decreased 
systemic arterial pressure, and plasma volume expansion in PVL rats (Lee 
et al, 1993b). Similarly, chronic continuous administration of N-nitro-L- 
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arginine (L-NAME), another inhibitor of NOS, recently has been shown to 
delay splanchnic vasodilatation, increase splanchnic blood flow and the 
development of collaterals in PVL rats (Garcia-Pagan et al, 1994a). The 
vasodilatory effects of NO in portal hypertension are not limited to the 
splanchnic circulation. In PVL rats, isolated aortic rings demonstrated 
increased relaxation to acetylcholine, an endothelial agonist, compared 
with sham controls. This increased response to acetylcholine was partly 
reversed with L-NAME (Karatapanis et al, 1994). 

Whether production of NO is a primary stimulus in the development of 
vasodilatation or a subsequent phenomenon that results from shear, and 
secondarily contributes to increased flow, has yet to be determined. Valiance 
and co-workers hypothesized that chronic endotoxaemia in portal hyper- 
tension and cirrhosis may upregulate inducible NOS, thus causing the 
increased NO production that leads to splanchnic vasodilation (Valiance and 
Moncada, 1991). Tumour necrosis factor (TNF)-a may play an important 
role in the vasodilatation by upregulating the inducible NOS. Treatment with 
anti-TNFa polyclonal antibodies and thalidomide have been shown to 
ameliorate the hyperdynamic circulation (Lopez-Talavera et al, 1995, 1996). 
The relative contributions of the constitutive and inducible forms of NOS 
are still under investigation. Although NO plays a definite role in vaso- 
dilation in portal hypertension, clearly other factors are also involved. 

Prostuglundins. Several studies in animals and humans have implicated 
increased endothelial production of prostaglandins as a cause of splanchnic 
vasodilatation in portal hypertensive states. Portal vein concentrations of 
prostacyclin (PGI,), for example, have been found to be elevated in PVL 
rabbits and rats, as well as in patients with cirrhosis and Budd-Chiari 
syndrome. These PGI, concentrations have correlated with portal pressure 
(Wu et al, 1993). In addition, increased concentrations of the prostaglandin 
metabolite 2,3-dinor- keto PGF,, have been observed in cirrhotic patients, 
and elevated gastric PGE, synthesis has been seen in cirrhotic humans with 
severe portal hypertensive gastropathy (Casadevall et al, 1993). 

In the PVL animal model of portal hypertension, increased prostaglandin 
production appears to have a more prominent role in rabbits than in rats. 
Inhibition of prostaglandin synthesis through pharmacological cyclo- 
oxygenase blockade has been shown to prevent development of the HCS in 
portal hypertensive rabbits. Wu and co-workers (1993) measured 
splanchnic flow and portal pressure in PVL rabbits in the presence and 
absence of the respective inhibitors of cycle-oxygenase and NO synthase, 
indomethacin and L-NAME; their results were consistent with mediation of 
splanchnic hyperaemia predominantly by a prostaglandin, possibly prosta- 
cyclin, with a limited role for NO as a mediator of basal vascular tone. In 
addition, the effects of NO blockade with the NO synthase competitive 
inhibitor L-NAME, and reversal of that blockade with the naturally occur- 
ring substrate for NO synthase, L-arginine, were not significantly different 
between normal and PVL rabbits, thus implying that, at least in rabbits, 
increased NO production may not be responsible for the HCS associated 
with portal hypertension. 
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Similar studies performed in PVL rats, however, suggest that both NO 
and prostaglandins contribute to gastric hyperaemia. In PVL rats, haemo- 
dynamic measurements in the presence and absence of indomethacin and 
L-NAME demonstrated that prostaglandins and NO do not appear to act 
synergistically. In addition, an in vitro endothelial study suggested that 
prostacyclin release may be markedly suppressed by NO (Doni et al, 1988), 
and other researchers have found that NO inhibition may be associated with 
increased prostacyclin production (Claria et al, 1993). 

Thus, both NO and prostaglandins appear to act through separate path- 
ways to contribute to the vasodilatation that leads to increased splanchnic 
flow in portal hypertension, although the relative contribution of each may 
vary among different species. Although prostaglandins appear to have a 
more prominent role than NO in the rabbit model of portal hypertension, 
both of these endothelial-derived vasodilators appear to play central roles 
in the development of the HCS in portal hypertensive humans and rats. 

Decreased response to vasoconstrictors 

Basal vascular tone is regulated by the complex balance between 
endogenous vasodilators and vasoconstrictors. A blunted response to vaso- 
constrictors, therefore, should also contribute to vasodilatation and, sub- 
sequently, hyperdynamic flow. In portal hypertensive states, in vitro 
hyporesponsiveness to the endogenous vasopressors norepinephrine, 
arginine vasopressin, and angiotensin II has been reported to contribute to 
the HCS (Sieber and Groszmann, 1992a). 

This hyporeactivity to vasopressors appears to be mediated largely by 
NO. In portal hypertensive rats, inhibition of NO in isolated, perfused 
superior mesenteric artery beds has been shown to prevent the development 
of vascular hyporeactivity to the endogenous vasoconstrictors norepi- 
nephrine, and vasopressin (Sieber and Groszmann, 1992a), the exogenous 
alpha-agonist methoxamine, and the receptor-independent vasoconstrictor 
potassium chloride (Sieber and Groszmann, 1992b). These observations are 
consistent with the previous hypothesis that the decreased response to vaso- 
constrictors in portal hypertension is mediated by receptor-independent 
mechanisms. 

In portal hypertensive rats, a role for prostaglandins in hyporesponsive- 
ness to vasoconstrictors has not been substantiated. In fact, cyclo- 
oxygenase inhibition with indomethacin did not ameliorate vascular 
hyporeactivity in superior mesenteric artery preparations in partial portal 
vein ligated rats (Sieber and Groszmann, 1992b). Therefore, at least in the 
rat model of portal hypertension, NO appears to cause the vascular hypo- 
reactivity to endogenous and exogenous vasoconstrictors that contributes to 
the generalized vasodilation seen in the HCS. 

Plasma volume 

The hyperdynamic circulation is mediated in part by vasodilatation, but this 
alone is not sufficient to cause the circulation to become hyperdynamic. 
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Plasma volume expansion has been recognized in portal hypertension for 
many years (Liebermann and Reynolds, 1967). In the PVL rat model of 
portal hypertension, plasma volume failed to expand in animals on sodium 
restricted diet as compared with those on normal diet. Moreover, the fully 
developed hyperdynamic circulation is found to be nearly reversible by 
sodium restriction (Genecin et al, 1990a). Subsequent studies have demon- 
strated that in the PVL rats, vasodilatation, expansion of plasma volume by 
sodium retention, and development of the hyperdynamic circulation follow 
each other in a stepwise fashion (Albillos et al, 1992: Colombato et al, 1992). 
Vascular resistance in the systemic circulation dropped significantly within 1 
day of partial portal vein ligation, followed on day 2 by parallel increases in 
plasma volume and a progressive increase in systemic and regional blood 
flows. The fully expanded plasma volume was observed on day 4 and 
coincided with maximally hyperkinetic cardiac index. These studies 
provided important evidence for the existence of several events in the patho- 
genesis of hyperdynamic circulation. These include initial vasodilatation 
(induced by humoral and local endothelial factors) and subsequently, plasma 
volume expansion. Our laboratory have demonstrated that both octreotide, 
which suppresses the secretion of vasodilatory peptides, and nitric oxide 
blockers decrease renal sodium retention and plasma volume expansion by 
diminishing vasodilatation, thereby preventing the full expression of the 
hyperdynamic circulation (Albillos et al, 1993; Lee et al, 1993b). 

The studies that examine the role of vasodilatation and plasma volume 
expansion in the hyperdynamic circulation provide support for the peripheral 
vasodilatation hypothesis. According to this hypothesis, portal hypertension 
leads to a relative hypovolaemia induced by the dilatation of the systemic 
and splanchnic circulation. This results in under-filling of the systemic 
vascular space with the consequent decrease in central blood volume. This in 
turn leads to activation of the sympathetic nervous system, renin-angiotensin 
system and release of anti-diuretic hormone. Mediators from these systems 
result in sodium and water retention by the kidneys, which results in 
increased plasma volume. Peripheral vasodilatation and increased plasma 
volume result in a hyperdynamic circulatory state (Figure 2). 

DEVELOPMENT OF PORTOSYSTEMIC COLLATERALS AND 
OESOPHAGEAL VARICES 

Portosystemic collaterals develop as a result of portal hypertension. The 
development of collaterals is the central pathophysiological event that leads 
to variceal bleeding and portosystemic encephalopathy in patients with 
portal hypertension. 

The exact nature of the physiological stimuli responsible for initiating 
the collateral formation remains controversial. Propranolol and clonidine 
have been shown to ameliorate the development of the collateralization of 
the portal system thus implicating increased portal pressure in the 
pathophysiology of collateral formation (Halvorsen and Myking, 1974). 
Lee et al (1993a) however, demonstrated that collateral formation could be 
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Figure 2. Hyperdynamic circulatory state in portal hypertension. Modified from Genecin and 
Groszmann (1994, The biology of portal hypertension. In Arias IM et al (eds) The Liver: Biology and 
Parhobiology, 3rd edn, pp 1327-1341. Philadelphia: Lippincott-Raven). 

ameliorated by preventing an increase in splanchnic blood flow without any 
decrease in portal pressure. Thus, increased portal pressure does not appear 
to be an absolutely necessary component of collateral development in 
portal hypertensive states. Therefore, propranolol and clonidine may 
prevent collateral formation, in part at least, by decreasing flow, not by their 
effect on portal pressure. On the other hand, Sikuler et al (1985) studied 
PVL rats on post-operative day 3 and found no relationship between porto- 
systemic shunting and portal venous inflow. Therefore, the development of 
portosystemic shunting does not appear to be exclusively dependent upon 
either portal pressure or portal venous inflow. Evidence from studies 
conducted in PVL rats suggest that increased NO may be responsible for 
the initial collateralization of the portal system. Increased NO could result 
from progressive increases in splanchnic flow, a potent stimulus known to 
be present in portal hypertensive states. In addition, development of a new 
portocollateral bed renders available a new endothelial surface capable of 
producing NO (Lee et al, 1993a). 
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Mosca et al (1992) determined the vascular responsiveness of collateral 
vessels to various vasoconstrictors and vasodilators using an in situ 
perfused animal model. By administering norepinephrine, 5-hydroxy- 
tryptamine, isoproterenol and acetylcholine in the presence and absence of 
their respective blockers, phentolamine, propranolol, and L-NNA, they 
determined that collateral vessels have functional a-adrenoreceptors, 
5-hydroxytryptamine receptors, and P-adrenoreceptors. In addition, 
collateral veins appear to be as sensitive to NO as arteries. 

Regardless of the specific initiating stimulus, at least at the beginning, 
the mechanism of collateral formation appears to be recruitment of 
preformed channels, as opposed to de IZOVO formation of new vessels. 
Portosystemic shunting can be detected almost immediately after the 
induction of portal hypertension, a pattern of timing that is consistent with 
the rapid dilatation of preformed vessels (Mosca et al, 1992). Whether these 
preformed vessels expand as the result of active dilatation mediated by 
increased flow or as a passive response to increased portal pressure is 
unclear. Neoformation of vessels cannot be excluded. 

In humans, the portosystemic shunting of blood occurs between the short 
gastric, coronary veins, and the oesophageal azygos and the intercostal 
veins; superior and the middle and inferior haemorrhoidal veins; the 
paraumbilicus venous plexus and the venous system of abdominal organs 
juxtaposed with the retroperitoneum and abdominal wall; the left renal vein 
and the splanchnic, adrenal and spermatic veins. As discussed earlier, the 
dilatation of the pre-existing embryonic channels is thought to be the main 
mechanism of evolution of these collaterals. With progression of portal 
hypertension, the number and diameter of these collaterals increases. 

The development of gastro-oesophageal vat-ices constitute a major 
complication of portal hypertension. A threshold portal pressure gradient 
(HPVG) of 11 to 12 mmHg has been shown to exist in humans with 
oesophageal varices, below which varices are not encountered (Garcia- 
Tsao et al, 1985). Elevation above this pressure, however, does not always 
result in vat-ices, since many patients with HPVG in excess of 12 mmHg do 
not have vat-ices. 

PATHOPHYSIOLOGY OF VARICEAL HAEMORRHAGE 

The earlier concept of erosion theory, which suggested that the oesophageal 
varices bleed due to external trauma to thin-walled varices, has been 
abandoned because of lack of supporting objective evidence. Factors 
involved in the variceal haemorrhage appear to be multiple. A certain 
increase in the portal venous pressure is required for the initiation of 
oesophageal collateral formation. The volume of blood traversing the 
collateral vein has a role in the enlarging collateral as does the perivascular 
tissue, which gives support to the vessel. Tissue support is particularly 
important in the oesophageal and rectal varices since the surrounding tissue 
provides very little support to the variceal wall. With continuing increase in 
intravariceal pressure, the varices expand in size and the variceal wall 
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thickness decreases. Bleeding probably occurs when the expanding force 
can no longer be counter-balanced by the variceal wall tension; at this point 
the varices ruptures and bleed (Polio and Groszmann, 1986). The factors 
regulating the tension exerted by the wall of vat-ices to contain the expand- 
ing force can be described according to the Laplace’s law (Figure 3): 

T=TPxrlw 

in which T is the wall tension, TP the transmural pressure, r the radius and 
w the wall thickness of the varices. The transmural pressure is the differ- 
ence between intravariceal pressure and the pressure in the oesophageal 
lumen. The entire varix is in equilibrium between the outwardly directed 
force (TPx r/w) and the inwardly directed force of wall tension. The 
inwardly directed force is augmented by the surrounding tissue structures, 
which provide reinforcement for the vessel wall. 

The larger variceal size multiplies the deleterious effect of high 
intravariceal pressure by increasing the expanding force. When varix 
distension increases, the radius increases and wall thickness decreases 
(Figure 3). The wall tension increases in an attempt to contain the expand- 
ing force. Since venous structures have little musculature, this limits their 
capacity to develop wall tension. Eventually, the expanding force in a 
enlarging vat-ix exceeds the limit of wall tension and variceal rupture occurs. 

Varix 

Mucosa 

mucosa 

Lamina 
propria 

Varix 

Figure 3. Relative position and size of varices with respect to the oesophagus and oesophageal lumen. 
At equal transmural pressure (TP), the tension (T) developed will be greater in T, than in T, due to 
increased radius (r) and smaller wall thickness (w). Reproduced from Jensen and Groszmann (1992, 
Complications of liver disease: pathophysiology and management. In Kaplowitz N. ed. Liver and 
B&IV Diseases, p 502. Baltimore: Williams & Wilkins). 
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The sequence of events leading to portal variceal bleeding are initiated 
by increased portal pressure, which results in the opening of collaterals. 
With progression of portal hypertension, the variceal blood flow and 
intravariceal pressure increases. The variceal size increases and the wall 
becomes thinner. Further increase in portal pressure, or a defect in the 
variceal wall leads to variceal haemorrhage. Portal pressure and blood flow 
are not static and vary markedly with various physiological stimuli. Portal 
flow increases transiently after meals because of postprandial hyperaemia. 
Similarly, fluctuations in portal pressure has been observed during 
circadian rhythm: portal pressure being higher at night and lower during 
afternoon and evening (Garcia-Pagan et al, 1994b). These variations in 
portal pressure may influence the onset of bleeding in patients with already 
elevated baseline portal pressure. 

RATIONAL BASIS OF PHARMACOTHERAPY OF 
PORTAL HYPERTENSION 

Drug therapy of portal hypertension is primarily the treatment and 
prevention of the complications of portal hypertension, mainly variceal 
haemorrhage. The aim of therapy is to reduce oesophageal vat-ix wall 
tension, which is accomplished pharmacologically by decreasing transmural 
variceal pressure by a reduction in portal and intravariceal venous pressure. 
Since the portal pressure is elevated due to an increase in both resistance and 
portal venous inflow, the reduction in portal pressure can be achieved 
pharmacologically by decreasing portal venous and/or portocollateral blood 
flow or by reducing intrahepatic or portocollateral resistance. As discussed 
in earlier sections, part of the increased intrahepatic resistance is because of 
an increased vascular tone, which can be modulated. Vasodilators can 
reduce intrahepatic and/or portocollateral resistance. 

The pharmacological agents currently available for the treatment of 
portal hypertension primarily act by modulation of the hyperdynamic 
splanchnic circulation. Vasoconstrictors decrease portal pressure by 
reducing splanchnic arterial flow. Since increased plasma volume is an 
important component of hyperdynamic circulation, drugs that modulate 
plasma volume like diuretics may help in reducing splanchnic blood flow. 
The last 5 years have clearly seen a general acceptance of drug therapy for 
portal hypertension. This is not a fad that will wane away with time, but is 
an important advance in medical treatment of a syndrome that has a 
mortality as high as an acute myocardial infarction. 
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