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Summary
Liver disease affects the lungs. The majority of
patients exhibit mild to moderate arterial hypoxaemia essentially attributable to an alteration in
ventilation/perfusion matching and limited by an
increase in ventilation. A minority (some 10%) of
patients exhibit a “hepatopulmonary syndrome”
defined by severe hypoxaemia with arterial PO2
below 60 mm Hg, dyspnoea, cyanosis, digital clubbing, orthodeoxia, platypnoea and demonstrable
pulmonary vascular dilatations causing a true
pulmonary shunt and a diffusion/perfusion imbalance. The hepatopulmonary syndrome is incurable but resolves over time after liver transplantation. An even lower proportion of patients, approximately 1%, develop pulmonary hypertension. Clinically this “portopulmonary hyperten-

sion” resembles primary pulmonary hypertension,
with dyspnoea and fatigue as the main symptoms,
histopathology and response to prostacyclin therapy. Portopulmonary hypertension is irreversible.
Liver transplantation mortality in patients with
portopulmonary hypertension ranges from 50 to
100%. The common cause of the hepatopulmonary syndrome and portopulmonary hypertension is portal hypertension and portosystemic
shunting, indicating that vasoactive and angiogenetic factors originating from the liver normally
control the pulmonary circulation.
Key words: liver cirrhosis; portal hypertension; hypoxaemia; pulmonary hypertension; hepatopulmonary
syndrome

Introduction
Liver disease affects the lungs. The most common pulmonary consequence of liver disease is altered gas exchange resulting in hypoxaemia. This
has been termed the “hepatopulmonary syndrome”. Liver disease is sometimes associated with
an abnormal increase in pulmonary vascular resistance (PVR), resulting in pulmonary hyperten-

sion. This has been named “portopulmonary hypertension”. The common determinant of the hepatopulmonary syndrome and portapulmonary
hypertension is portal hypertension and portosystemic shunting. Most cases of portal hypertension
develop as a consequence of liver cirrhosis.

Hypoxaemia of liver cirrhosis: importance of the problem
To evaluate the frequency and importance of
altered pulmonary gas exchange in severe liver disease, we reviewed blood gases and pulmonary
haemodynamics in 100 consecutive patients with
proven liver cirrhosis and no cardiac or pulmonary
disease, who had been referred to our laboratory
for hepatic vein catheterisation, transvenous liver
biopsy or haemodynamic evaluation prior to
surgery [1]. The majority have been previously
reported upon in studies on drug treatment of
portal hypertension [2–4] or hypoxic pulmonary
vasoconstriction [5]. Seventy-one of the patients
were men and 29 women. The mean age was 53

years (range 33–79). Eighty-seven of the patients
were alcoholics and 12 had hepatitis. Chest x-rays
and electrocardiograms were unremarkable. The
diagnosis of liver cirrhosis rested on history, physical examination, liver function tests and liver
biopsy in all patients.
The distributions of arterial PO2 (PaO2) and
arterial PCO2 (PaCO2) are shown in Figures 1 and
2. It is apparent that about half of the patients had
lower than normal PaO2 and PaCO2. Accordingly,
there was an increase in alveolar to arterial PO2
gradient (AaPO2) amounting to 34 ± 1 mm Hg
(mean ± SE), compared with 14 ± 1 mm Hg in 32
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Figure 1
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Figure 2
Distribution of arterial PCO2 values in
100 consecutive
patients with liver
cirrhosis. Shaded
area: limits of
normal. From [1].
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healthy young adult controls. It is worth noting
that in this large series of unselected patients with
liver cirrhosis the alteration in gas exchange appeared on the whole fairly moderate, with only
10% of patients presenting PaO2 lower than 60
mm Hg likely to be associated with clinically detectable cyanosis. The patients’ calculated arterial
and mixed venous oxygen saturations (SaO2 and
SvO2) were on average 95.6% and 73.1% respectively, compared with measured 96.7% and 72.4%
respectively in normal controls at the same normal PaO2 and PvO2, indicating a slight rightwards
displacement of the oxyhaemoglobin dissociation
curve. There was no correlation between PaO2 and
clinical signs of liver disease, including spider
naevi, or standard liver function tests including
serum bilirubin, albumin and ammonia, or the hepatic venous pressure gradient as a measure of portal pressure. Arterial PCO2 correlated directly with
serum albumin and inversely with portal pressure,
but did not correlate with other standard liver
function tests.

Mechanisms of hypoxaemia of liver cirrhosis
The frequent occurrence of decreased arterial
oxygenation in patients with liver disease long ago
intrigued clinicians. In 1935 Snell reported on a series of 35 patients with either diseases of the liver
parenchyma or biliary tract obstruction, in whom
arterial oxygen saturations (SaO2) were with few
exceptions lower than 94%, and suggested this
could be explained by decreased affinity of haemoglobin for O2 [6]. Although conflicting data have
been reported [7, 8], a rightward shift of the O2haemoglobin dissociation curve has indeed been
shown to occur in liver cirrhosis [9–11], and this
was also apparent in our own series of 100 patients
[1]. The rightwards displacement of the O2haemoglobin dissociation curve in liver cirrhosis
has been shown to be related to an increase in red
cell 2–3 diphosphoglycerate [12]. While Snell
thought of hypoxaemia as decreased arterial O2
saturation [6], it may be noted that a decreased
affinity of haemoglobin for O2 results in diminished mixed venous blood O2 content, which in
turn is an extrapulmonary cause of reduced PaO2.
Possible causes of arterial hypoxaemia are hypoventilation, abnormal diffusion, altered ventilation/perfusion (VA/Q) relationships and a true
shunt (VA/Q = 0). Hypoventilation is excluded,
since increased ventilation and respiratory alkalosis are constant findings in advanced liver disease
[7, 8, 13–15]. Normal oxygen diffusion capacity
has been reported in several studies [7, 14, 16]. A
diffusion defect has repeatedly been ruled out by
normally reduced AaPO2 gradients with low O2
breathing [5, 8, 14, 16, 17]. A true shunt varying
between 6 and 22%, depending on patient selection and methodology, has been measured under

pure O2 breathing [15–19]. However, more precise
measurements using radioactive inert gases of low
solubility such as krypton85 (Kr85) and tritium (H3)
have shown shunt to be either normal or only
slightly increased in the majority of patients [18,
20]. Thus, although in some cases a true shunt may
play a role, a VA/Q mismatch appears to be the
most common cause of hypoxaemia in liver disease. This view has also been supported by measurements of arterial-to-alveolar partial pressure
of nitrogen gradient (aAPN2) [21] and VA/Q calculations [13].
When a true shunt contributes to the hypoxaemia of liver cirrhosis and a right-to-left cardiac
shunt has been ruled out, the possibility remains
that it could be portopulmonary. Anastomoses between the pulmonary veins and the portal venous
system have indeed been demonstrated by postmortem injection studies [22] and by recovery of
Kr85 or H3 in arterial blood after injection into the
duodenum or the splenic pulp [18, 20, 23]. However, the O2 saturation of portal blood is high, and
it can be calculated that a portopulmonary shunt
should exceed 20% of cardiac output, i.e. the whole
portal flow, to account for reductions in arterial
oxygenation seen in most patients with advanced
liver disease [24].
What is the cause of altered VA/Q matching
in liver cirrhosis? Ruff et al. attempted to answer
this question by using radioactive xenon (Xe133) to
determine the topographical distribution of ventilation and perfusion in 10 seated patients without
ascites [25]. The patients had normal lung volumes
and reduced carbon monoxide (CO) diffusion capacity (DLCO), 8 had decreased PaO2 and increased

S W I S S M E D W K LY 2 0 0 3 ; 1 3 3 : 1 6 3 – 1 6 9 · w w w . s m w . c h

120

Measured and calculated arterial PO2 (PaO2) in 10 patients
with liver cirrhosis. Columns show the mean actual value
and the effects of normalisation procedures performed
using the mathematical model of the multiple inert gas elimination technique. Thus, PaO2 decreases after normalisation
of circulating haemoglobin (Hb) and P50, increases after
normalisation of shunt and ventilation/perfusion (VA/Q)
imbalance, and increases even further after addition of
measured increases in ventilation (VE) and P50. From [28].

110
100

50

AaPO2 and aAPN2, and 3 had an increased true
shunt when breathing pure O2. Closing volumes
were found to be elevated above normal in all patients and greater than functional residual capacity in 8, who thus had airway closure and gas trapping during normal tidal volume breathing. Direct
measurements in 5 of the patients confirmed the
presence of abnormal gas trapping in the lower
zones both at residual volume and at functional
residual capacity, and showed a marked reduction
in VA/Q to less than 0.5 at the lung bases, primarily as a result of decreased ventilation due to airway closure. The authors suggest that increased
closing volumes in liver cirrhosis could be due to
mechanical
compression
of
small
airways by dilated blood vessels and/or interstitial
oedema.
Another explanation for VA/Q imbalance in
liver cirrhosis has been proposed by Daoud et al.
[26]. The authors investigated 10 patients with advanced alcoholic cirrhosis by right and left heart
catheterisation in normoxia and during brief periods of hypoxic breathing (fraction of inspired O2,
FiO2, 0.08–0.14), and found that acute inspiratory
hypoxia failed to increase PVR while similar severity of acute inspiratory hypoxia increased PVR in
controls. This result suggested that at least part of
VA/Q imbalance and resulting hypoxaemia in liver
cirrhosis could be due to a loss of hypoxic regulation of pulmonary perfusion. Hypoxaemia in liver
cirrhosis could therefore be explained by abnormalities of both ventilation distribution and perfusion distribution. The fact remains that in low
VA/Q areas a much smaller decrease in ventilation
than an increase in perfusion is required to lower
VA/Q (in fact, ten times less if VA/Q = 1/10). On
the other hand, inhibition of hypoxic pulmonary
vasoconstriction is not a universal finding in liver
cirrhosis [5, 27, 28]. Inhibition of hypoxic pulmonary vasoconstriction, associated with low PVR
and high cardiac output, is in fact only to be found
in patients with most advanced liver disease and
shunt-induced hypoxaemia [27]. Thus, in the majority of patients with liver cirrhosis there is a
VA/Q imbalance chiefly caused by abnormal distribution of ventilation, aggravated on the perfusion side by loss of hypoxic pulmonary vasoconstriction in a minority of the most severely ill patients.
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It has been suggested by Rodman et al. that
portal hypertension rather than altered liver function may account for abnormal gas exchange in
liver cirrhosis [8]. One of their patients did indeed
have a normal liver but portal vein thrombosis and
arterial O2 saturation of 87.1%. However, the
cause may rather be portosystemic shunting, since
surgical portocaval anastomosis has not been
shown to improve blood gases [21]. Kennedy and
Knudsen reported on a patient who developed hypoxaemia 4 years after therapeutic portocaval
shunting [29].
Arterial hypoxaemia in liver cirrhosis is in
most instances not sufficiently severe to account
for the constantly observed hyperventilation [7, 8,
13–15]. We and others found no correlation between ammonia levels and ventilation [1, 7]. The
cause of increased ventilation in liver cirrhosis is
still imperfectly understood.
More recent studies have investigated the
mechanisms of abnormal gas exchange in liver cirrhosis using the multiple inert gas elimination
technique [27, 28, 30, 31]. While this approach
does not allow measurement of the topographical
distributions of VA and of Q independently but expresses the distribution of VA and of Q as a function of VA/Q, it has the advantage of accurately
measuring true shunt using the less soluble gas SF6,
and allows quantification of all the pulmonary and
extrapulmonary determinants of PaO2. In patients
with mild to moderate hypoxaemia multiple inert
gas elimination studies have shown that hypoxaemia is essentially caused by low VA/Q regions,
without distinguishing between decreased VA or
relatively increased Q as a cause, no or minimal
shunt, and no detectable diffusion limitation [27,
28]. The mathematical model of the method was
used to quantify all the pulmonary (ventilation, diffusion, low VA/Q, and true shunt) and extrapulmonary (haemoglobin, P50) determinants of PaO2.
The results are summarised in Figure 3. They
show the major role of low VA/Q, which is enhanced by increased P50 and decreased haemoglobin but markedly counterbalanced by increased
ventilation, and the negligible effect of increased
true shunt [28]. In patients with severe hypoxaemia
shunt became prominent, accounting for up to half
of the hypoxaemia, and a slight diffusion limitation
could be evidenced [30, 31].
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The hepatopulmonary syndrome
In 1884 Fluckiger reported a case of advanced
liver disease, probably of syphilitic origin, with
cyanosis and digital clubbing but without evidence
of cardiac or pulmonary disease [32]. Cirrhotic patients may indeed present with frank cyanosis, exertional dyspnoea, clubbing of the fingers and severe hypoxaemia [5, 29, 33–39]. In these patients
chest x-rays are frequently abnormal, with pulmonary vascular prominence or diffuse reticulonodular densities in the peripheral pulmonary fields
[37]. Assuming the erect position may accentuate
hypoxaemia (“orthodeoxia”) [29, 38] or produce
dyspnoea (“platypnea”) [38], and hypoxaemia may
also be aggravated by exercise [29, 37]. In these patients breathing pure O2 may or may not reveal a
true shunt, while flow through dilated pulmonary
vessels can be confirmed by various techniques
such as pulmonary angiography [34], Kr85 or H3 injections [18], intravenous radioactive technetiumlabelled macroaggregated albumin followed by
whole body scanning [38], or postmortem injections with micropaque gelatin suspensions [36,
37]. The variable effects of pure O2 breathing can
be accounted for by variable contributions of a diffusion/perfusion defect or a true shunt [39–43]. In
the event of a diffusion/perfusion imbalance, high
inspired PO2 may sufficiently increase alveolar
PO2 for the O2 molecules to diffuse to the centre
of dilated pulmonary capillaries. Increased pulmonary blood flow on exercise may prevent this
alveolocapillary PO2 equilibrium [44]. In true pulmonary shunt no gas exchange is possible between
the shunted blood flow and the alveolar space.
When visualised, pulmonary arteriovenous shunts
are localised predominantly in the lung bases, a fact
which accounts for orthodeoxia due to the effects
of gravity.
Figure 4

The term “hepatopulmonary syndrome” was
first proposed by Kennedy and Knudson to describe cyanosis which developed 4 years after surgical porto-caval shunt in a patient with liver cirrhosis [29]. Whether or not the hepatopulmonary
syndrome represents the extreme of a continuum
from low VA/Q to shunt and diffusion/perfusion
disequilibrium is unclear. The hepatopulmonary
syndrome has been defined by the triad of liver cirrhosis, widespread pulmonary vasodilatation and
AaPO2 in excess of 20 mm Hg breathing room air
[42, 43]. This definition is unsatisfactory, since the
syndrome is also seen in association with portal hypertension without liver cirrhosis, and because in
the presence of widespread pulmonary vasodilatation AaPO2 is usually much higher than 20 mm Hg.
The normal limits of AaPO2 are wider than is generally believed, because PAO2 is a calculated
“ideal” value from the simplified form of the alveolar gas equation and an assumption on the respiratory quotient. The AaPO2 gradient may exceed
20 mm Hg in healthy subjects with perfectly normal lungs [1]. A recent study showed that the positive predictive value for hepatopulmonary syndrome is about 30% for AaPO2 above 20 mm Hg
but 100 % for a PaO2 below 65 mm Hg breathing
room air [45].
Accordingly, we prefer to define the hepatopulmonary syndrome more clinically, by the
coexistence of dyspnoea, cyanosis (which requires
PaO2 below 60 mm Hg), possibly with digital clubbing, orthodeoxia and platypnea due to portal hypertension and associated portosystemic shunting,
and demonstrable pulmonary vascular dilatations.
The incidence of hepatopulmonary syndrome as
defined by these more stringent criteria is some
10% in patients hospitalised for liver cirrhosis [1],

Diagnostic imaging: contrast-enhanced echocardiography

Echocardiographic
M-mode image of
microbubble appearance in left ventricle
of a patient with
hepatopulmonary
syndrome.

Delayed (4–6 beats) microbubble
opacification of left heart chambers
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and 10–20% in patients who are candidates for
liver transplantation [46]. Currently pulmonary
vascular dilatations are easily identified by contrast
echocardiography [47]. As illustrated in Figure 4,
microbubbles are injected intravenously and appear in the left heart chambers after 4–6 beats if
there are abnormal pulmonary vascular dilatations.
The cause of hepatopulmonary syndrome is
not precisely known. Clinical studies point to a decrease in pulmonary vascular tone and reactivity
with the progression of liver disease [39–43]. Rats
with bile duct ligation-induced cirrhosis exhibit
features of the hepatopulmonary syndrome, with
low systemic and pulmonary vascular resistances,
increased AaPO2, and loss of hypoxic pulmonary
vasoconstriction [48]. A role for increased endogenous production of the potent vasodilating
mediator nitric oxide (NO) has been postulated, on
the basis of increased expressions of NO synthase
reported in experimental liver cirrhosis in rats [49]
and increased exhaled NO correlated with AaPO2
in patients with liver cirrhosis [50]. Other observations point to the normal control exercised by
the liver on pulmonary angiogenesis. Diffuse pulmonary arteriovenous malformations and vascular
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dilatations angiographically and histologically
similar to hepatopulmonary syndrome are observed after anastomosis of the superior vena cava
to the right pulmonary artery [51], the vascular abnormalities reversing after surgical redirection of
hepatic venous flow to the pulmonary vascular bed
[52]. There is thus a still unidentified hepatic
factor which limits excessive angiogenesis in the
pulmonary circulation and may become insufficient in advanced liver disease [43].
The prognosis of hepatopulmonary syndrome
is poor, with one year survival rates between 16 and
38% once PaO2 is lower than 50 mm Hg [40–43].
No drug therapy has proved efficacious. As mentioned above, hepatopulmonary syndrome is commonly seen in patients on a waiting list for liver
transplantation. While definitely an operative risk,
hepatopulmonary syndrome progressively reverses over weeks to months after successful liver
transplantation [40–43]. Reversal of hepatopulmonary syndrome after liver transplantation is
slowest, and possibly incomplete, in patients with
the largest preoperative shunts and pulmonary
vascular dilatations [40–43].

Portopulmonary hypertension
Mantz and Craig reported in 1951 on a woman
aged 53 with a history of haematemesis who was
admitted for hoarseness and dyspnoea and who
died from refractory right heart failure following
exploratory laparotomy [53]. Autopsy disclosed a
normal liver, portal thrombosis, extensive portosystemic shunting and right ventricular hypertrophy. Microscopically there were multiple microemboli in the small pulmonary arteries, which
suggested to the authors that pulmonary hypertension in their patient had been caused by recurrent microemboli from the portal venous system.
However, typical lesions of primary pulmonary hypertension, including plexiform lesions, were also
found. It has since been realised that portal hypertension is an important predisposing factor for
primary pulmonary hypertension.
Primary pulmonary hypertension is a syndrome involving dyspnoea, fatigue, chest pain and
syncope, characterised by an increase in pulmonary vascular resistance (PVR) of unknown
cause [54]. In 1998, a World Health Organisationsponsored expert consensus conference held in
Evian, France, extended the concept of primary
pulmonary hypertension, on the basis of similar
clinical course, histopathology and response to
treatment, to a series of associated conditions
which included congenital left-to-right shunt,
connective tissue disease, human immunodeficiency virus infection and portal hypertension, and
coined the term “pulmonary arterial hypertension” (PAH) [55]. The incidence of PAH in patients with portal hypertension is difficult to assess

but is reported to be as high as 2% [43]. In a retrospective series of 436 patients with the diagnosis of primary pulmonary hypertension, 13% were
also diagnosed with portal hypertension [43]. The
definition of PAH may be a problem in patients
with liver disease who may also present with high
cardiac output. Pulmonary arterial hypertension is
defined as mean pulmonary artery pressure above
25 mm Hg at rest and 30 mm Hg on exercise [54].
Bearing in mind that the pulmonary artery pressure-flow relationship normally shows a slope of
2–2.5 mm Hg/L/min [56], it is evident that a cirrhotic patient with a high cardiac output is likely
to be wrongly diagnosed as having portopulmonary hypertension. This at least partly explains
why PAH has been diagnosed in up to 20% of patients with advanced liver disease [57]. We therefore prefer to diagnose portopulmonary hypertension as a mean pulmonary artery pressure above 25
mm Hg at rest, together with a PVR in excess of
250 dyne.s.cm–5, both being safely above the upper
limit of normal including correction for age [56],
and a hepatic venous pressure gradient above 10
mm Hg (upper limit of normal is believed to be 5
mm Hg). One patient in our previously reported
series of 100 consecutive cirrhotics [1] was diagnosed as having portopulmonary hypertension
using these stringent criteria.
Patients with portopulmonary hypertension
are clinically similar to those with primary pulmonary hypertension, except for being 5–10 years
older on average, with an equal sex ratio (against a
2:1 female to male ratio), a somewhat less advanced
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New York Heart Association functional class, a
lower mean pulmonary artery pressure (5–10 mm
Hg) and higher cardiac output (1 L/min) [43].
Somewhat surprisingly, survival in portopulmonary hypertension was also found to be better,
with a median survival time of 57 months against
31 months (p <0.05) in a large retrospective series
before the advent of prostacyclin therapy [43].
What can be done for the patient with portopulmonary hypertension? Drug therapy with
chronic intravenous prostacyclin is feasible [43,
58] and improves functional state, exercise capacity and survival as reported in purely primary pulmonary hypertension. However, even if stabilised
or improved by prostacyclin therapy, pulmonary
hypertension remains a serious contraindication to
liver transplantation. Overall mortality of liver
transplantation in patients with pulmonary hypertension is as high as 35% [57]. According to a re-

cent study from the Mayo Clinic, cardiopulmonary
mortality of liver transplantation is 100% if mean
pulmonary artery pressure exceeds 50 mm Hg, and
is as high as 50% if mean pulmonary artery pressure is between 35 and 50 mm Hg and PVR greater
than 250 dyne.s.cm–5 [59]. No regression of pulmonary hypertension has been reported after liver
transplantation. It is not known whether combined
liver-lung transplantation may be a reasonable
option for some patients.
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