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ABSTRACT

The liver depends on a dual blood supply from the hepatic artery and the portal
vein. The normal liver receives 70% portal flow and 30% hepatic arterial flow, with most
arterial blood feeding the biliary tree. As cirrhosis robs the liver of its regenerative capacity,
the portal flow decreases and intrahepatic portosystemic shunting increases with a variable
increase in arterial flow across arterioportal shunts. This compensation mechanism
attempts to reperfuse remaining sinusoids. Transjugular intrahepatic portosystemic shunts
(TIPS) or surgical portosystemic shunts may acutely diminish portal perfusion further,
leading to hepatic failure. Small-diameter TIPS or surgical shunts reduce the incidence of
complications by preserving nutritive portal flow. Although the inverse relationship of
arterial and portal flow is physiologically valid, there is individual variation in the ability to
substitute one blood supply for another. This variability may result from anatomic or
functional factors influencing the flow across arterioportal shunts. Hepatic perfusion curves
derived from enhanced imaging studies can subtype cirrhotic patients into favorable versus
unfavorable perfusion patterns. Patients with high arterial flow to the liver or patients with
retained portal-type flow curves have better survival and morbidity compared with those
patients with unfavorable flow manifest by diminished arterial-type curves on hepatic
perfusion analysis.

KEYWORDS: Portal vein flow dynamics, liver blood supply, liver cirrhosis,
portosystemic shunts, portal hypertension

Objectives: Upon completion of this article, the reader should (1) understand the anatomic and physiological aspects of hepatic
perfusion in normal and diseased states, and (2) realize the impact of surgical or percutaneous portosystemic shunt procedures on blood
flow to the liver and identify those patients at high-risk for these procedures on the basis of their hepatic perfusion profiles.
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The liver and lungs are the only human organs provides a minor role in nourishment of the biliary and
with a dual blood supply. Furthermore, and in contrast bronchial structures; the bulk of pulmonary and hepatic
to other organs, arterial flow derived from the aorta perfusion arrives as venous blood. The unique vascular
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anatomy and physiology of the liver creates challenges in
both imaging and intervention, whether surgical or
percutaneous. From contrast-enhanced imaging to liver
transplantation, one must be aware of the patency, flow
volume and direction, and relative importance of all
three vascular beds (hepatic veins, portal veins, and
hepatic artery).

The liver develops from a ventral bud of the
foregut endoderm at 1 to 2 weeks of fetal development,
a process initiated by signals from the developing heart.
The hepatoblasts in this endodermal structure eventually
invade the septum transversum mesenchyme, where they
differentiate into hepatocytes and bile duct cells. The
mesenchyme contributes precursor cells that surround
primitive hepatocytes to become the hepatic vascular
supply, namely portal veins and hepatic arteries that are
connected to centrilobular draining veins via a rich
network of hepatic sinusoids. This sinusoidal capillary
network bathes the hepatocyte surface across the space of
Disse.! Prior to birth, the fetal liver is entirely fed by the
hepatic artery with the portal flow shunted systemically
via the ductus venosus off the left portal vein. After birth,
when the umbilical vein and ductus venosus occlude, the
portal vein supplies ~70% of blood flow to the liver as
opposed to 30% hepatic arterial perfusion. Numerous
communications exist between the arterial and portal
networks, the most important of which is the transplexal
route by which the peribiliary arterial plexus can supply
blood to the portal venules.”™ Such pathways become
important in the setting of compromised portal or
hepatic venous flow. In portal vein thrombosis or cir-
rhotic portal flow reduction, the hepatic artery com-
pensates by increasing flow to sinusoids via such
communications. Interestingly, the portal system does
not reciprocate with increasing flow after hepatic arterial
occlusion. This phenomenon may be due to the different
diameter, flow rate, and pressure of hepatic arterioles
compared with the portal venous system.” With occlu-
sion of a hepatic vein, the portal vein can substitute for
venous drainage with the hepatic artery taking over
nutritive perfusion of the hepatocy‘ces.6 With the advent
of dual phase, portal venous and hepatic arterial en-
hanced cross-sectional imaging, perfusion alterations in
hepatic disease are clearly visible and useful from both a
diagnostic and therapeutic viewpoint. For example, cav-
ernous transformation or tumorous occlusion of the
portal vein and hepatic venous occlusion (Budd-Chiari
syndrome) lead to characteristic patterns of parenchymal
remodeling and increased regions of hepatic arterial
enhancement on cross sectional imaging.7’8

Cirrhosis, from whatever cause, is a chronic fi-
brotic process that leads to obliteration of portal venules,
sinusoids, central veins, regenerative nodule formation,
and parenchymal atrophy. Specific derangements such as
collagen deposition in the space of Disse leads to sinus-
oidal narrowing and impaired nutrient exchange

between the blood and the hepatocytes, further increas-
ing portal pressures and functional liver impairment.
The overall impact on hepatic hemodynamics is gradual
loss of portal flow, hepatic venous outflow obstruction,
and hypertrophy of hepatic arteries as a compensatory
mechanism for lost portal inflow. Injection/corrosion
studies of human cirrhotic livers done by Mclndoe in
the 1920s as well as animal studies support the above-
described hepatic vascular changes leading to portal
hypertension, portosystemic venous collateral formation
(varices), and, ultimately, hepatic failure’ (Fig. 1). Par-
allel to this diminution in portal perfusion is the for-
mation of intrahepatic portosystemic shunts, thought to
occur between clustered sinusoids and central veins
communicating in bands of hepatic fibrosis."®'" Com-
plicating this picture further is the hyperdynamic circu-
lation in cirrhotic patients who have decreased peripheral
vascular resistance and increased cardiac output and total
blood volume. Clearly, the hepatic vascular environment
in cirrhosis is complex with the diseased liver both
obstructing and shunting portal flow as the hepatic artery
attempts to compensate by perfusing the abnormal
sinusoids via arterioportal communications. The per-
formance of surgical or percutaneous portosystemic
shunt procedures invariably disrupts this complex bal-
ance of hepatic perfusion. Although these methods
usually provide the intended decrease in portal pressure
and cessation of variceal hemorrhage or ascites accumu-
lation, portal diversion may also provoke intractable
encephalopathy and even hepatic failure and death.
Additionally, transjugular intrahepatic portosystemic
shunt (TIPS) generally worsens the hyperdynamic cir-
culation in cirrhotic patients, putting them at increased
risk for cardiac decompensation.

Fortunately, there is a large body of research in
the surgical literature regarding hepatic perfusion in
cirthosis before and after surgical portosystemic shunt
creation. We can broadly apply this body of knowledge
to the TIPS procedure in interventional radiology.
Ultimately, we hope to better define patients who are
at high risk for shunt procedures using a noninvasive or
minimally invasive assessment of their hepatic function
and perfusion. Although this article is focused on hepatic
perfusion as it pertains to cirrhosis and TIPS outcomes,
the evaluation of hepatic synthetic function using
MELD scoring and other methods, as described by
Ferral and Patel,'® is also crucial to the assessment of
potential TIPS patients.

Rypins et al conducted several important inves-
tigations of cirrhotic liver perfusion before and after
surgical portocaval shunts.’®!® Their contribution is
invaluable for understanding postshunt morbidity
and mortality and the concept of “nutritive” portal
perfusion. To determine the hepatic artery and portal
flow proportions, the investigators used the method of
Biersack et al'®” where the arterial and portal venous



HEPATIC PERFUSION AND HEMIODYNAMIC EFFECTS OF TIPS/WALSER, NGUYEN 273

Figure 1 (A) Barium injection into the hepatic artery in an
explant liver from a cirrhotic patient. The hepatic arteries are
hypertrophied and tortuous. (B) Normal liver specimen after
hepatic artery injection with dilute barium. The caliber of the
intrahepatic arterial branches is markedly smaller than that seen
in cirrhosis. (C) Venous phase of superior mesenteric arteriogram
shows small-caliber portal vein with large splenorenal shunt. The
loss of hepatic portal perfusion is evident in this image, with
reduced portal flow secondary to both extrahepatic and intra-
hepatic portosystemic shunts.

components of hepatic perfusion are calculated by gen-  sack technique and quantified “nutritive” portal flow,
erating a time-activity curve over a hepatic region of  defined as prograde portal flow after subtracting intra-
interest after intravenous injection of a radiopharma- hepatically shunted blood. Normal patients show an
ceutical (such as technetium). They modified the Bier- early, sharp upstroke in the curve (arterial phase) with
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Figure 2 Schematic of kidney/liver perfusion curves. The upper two graphs illustrate patients with favorable perfusion curves, which
are either retained portal-type perfusion (left) or arterially compensated flow with intensity values equal or higher to the kidney (right).
The lower graph shows unfavorable perfusion with weak arterial flow patterns far below renal values.
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a later and more gradual rise in counts (portal phase). By
comparing the slopes of the curve in these two phases,
the arterial and portal contribution to hepatic perfusion
can be calculated. Cirrhotic patients have a similar curve
although the portal phase is blunted and rises to a lower
plateau consistent with diminished portal flow. Cirrhotic
patients after nonselective or total shunt procedures,
however, all show a similar perfusion curve with an
intact arterial phase to a plateau without further portal
augmentation, reflecting loss of all nutritive prograde
portal flow to the liver. In between lie those patients who
undergo selective shunts (i.e., distal splenorenal shunt),
small-diameter portocaval shunts, or, as we have found,
some TIPS shunts. These patients maintain some portal

flow, albeit diminished, and have improved clinical out-
comes. Rypins et al showed that small-diameter porto-
caval shunts caused less reduction in portal perfusion and
decreased the incidence of postoperative encephalopathy
and hepatic failure. In fact, the degree of retained
nutritive portal flow was the only factor correlated with
good outcome.'**® In contrast to other investigators,
they found no change in the proportion of arterial blood
flow to the liver before or after shunt placement,
although they showed significant portal flow decreases
in cirrhotic patients, particularly after nonselective por-
tocaval shunting. Although this research suggests that if
we maintain nutritive portal flow to the liver, we will
reduce the complications of TIPS or surgical shunting,
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(A) Longitudinal contrast-enhanced ultrasound image of the liver (top) and kidney (bottom) during the arterial phase. The renal

Figure 3
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parenchyma and hepatic peribiliary tissues are enhancing. (B) portal phase ultrasound images with regions of interest drawn for time-
intensity curve generation. (C) Resulting perfusion curves for kidney (square points) and liver (diamond points) in a patient with a normal
liver. Notice the steep arterial slope for the kidney and the more gradual slope and delayed plateau for the liver, which relies primarily
on portal flow. x-axis, time in seconds; y-axis, signal intensity; arrow on x-axis, time of bolus intravenous injection of ultrasound

contrast agent.
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this model may be overly simplistic. Hepatic perfusion is
not only complex but also its components and its
response to disease states may vary among individual
patients due to congenital or anatomic reasons. Zimmon
and Kessler looked at the relationship of portal pressure
to acute shunt procedures by temporarily diverting portal
flow in cirrhotic patients to the saphenous vein.'® Two
patient populations were apparent in this study. Type A
cirrhotic patients showed small decreases in portal pres-
sure with shunting, and type B patients had dramatic
reductions in pressure with the same degree of shunting.
Accordingly, when the situation was reversed (blood was
shunted from the saphenous vein into the portal system),
type A patients had more compliant portal systems with
only minor increases in pressure as opposed to type B
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patients who exhibited large increases in portal pressure
after this “reverse shunt” (i.e., a noncompliant portal
system).18 The authors attribute this discrepancy to the
idea that only some patients are able to regulate portal
pressure and flow through changes in hepatic arterial
flow (hepatic artery buffer response). Those with non-
compliant portal systems (type B) are at increased risk of
encephalopathy and liver failure after portal diversion
surgically.19 Anatomically, the ability to autoregulate
portal blood flow with the hepatic artery may relate to
the presence and efficiency of the previously described
arterioportal shunt networks. The variability of portal
flow “compliance” among the population may also ac-
count for the disagreement among investigators as to the
existence or importance of increased hepatic arterial flow

Figure 4 (A) Angled coronal MRI section used for cine-MRI
sequences to generate hepatic and left renal perfusion curves.
(B) Resulting magnetic resonance image with hepatic and renal
regions of interest. (C) Perfusion curves for liver (labeled 1) and
kidney (labeled 2) showing the favorable perfusion curve of
hepatic arterialization with enhancement intensity above that of
the kidney.
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in cirrhosis. This hypothesis may also explain Patel’s
findings that the post-TIPS hepatic artery blood flow
increased to a variable degree and did not correlate with
post-TIPS portosystemic pressure gradients.zo
Attempts to clarify the impact of hepatic perfu-
sion variations on the morbidity and mortality of ther-
apeutic shunting are now focused on the preshunt status
of hepatic blood flow in an attempt to predict high-risk
patients before treatment. We have studied blood flow
patterns in cirrhotic patients before and after the TIPS
procedure using more modern imaging modalities. Sev-
eral interesting observations arise from these studies.
First, quantifying activity over the lungs and liver after
direct portal injection of T'c99m-macroaggregated albu-
min particles reveals that the proportion of portal flow
shunted intrahepatically averages 77% in cirrhotic pa-
tients and increases to 93% after TIPS.*! Second, the
proportion of hepatic flow supplied by the hepatic artery
always increases after TIPS but the ratio of arterial/
portal perfusion has no correlation with postTIPS sur-
vival*’—a finding supported by other investigators.'*"°
Using a retrograde thermodilutional catheter, Clark et al
showed that arterioportal shunting immediately after
TIPS averaged 623 mL/min,* providing quantification
of the frequent ultrasound findings of reversed portal
venous branch flow after TIPS. Finally, three distinct
hepatic perfusion curves are evident in cirrhotic patients,
one of which is significantly correlated with poor survival
after TIPS (Fig. 2). This last statement derives from
studies using nuclear medicine flow studies, contrast-
enhanced cine-magnetic resonance angiography of the
liver, and, more recently, video ultrasound studies of the
liver after injection of ultrasound contrast agents (Fig. 3).
Regardless of the enhancement technique used, one can
construct hepatic perfusion curves by plotting the inten-
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sity of signal over time in a defined area of hepatic
parenchyma. Although the shape of these curves dis-
criminates between “arterialized” livers (rapid upstroke
to a plateau) and portal-type inflow (slow rise to a peak),
the magnitude of blood flow is difficult to quantify. As
an internal control, we used renal parenchymal curves to
estimate to quantity of hepatic perfusion in addition to
its quality (arterial versus portal). Patients with portal-
type perfusion curves, as well as patients with arterial-
type perfusion curves at or above the peak of renal
perfusion, had improved survival over those patients
with severely reduced arterial-type hepatic perfusion
(mean survival of 2 months for those with unfavorable
perfusion compared with 28 months for favorable per-
fusion proﬁles)22 (Figs. 4 and 5). Perfusion curves in
23 patients with refractory ascites were also evaluated
with cine-magnetic resonance imaging (MRI) prior to
TIPS and similar findings were obtained. The 6-month
mortality in eight patients with unfavorable perfusion
was 100% compared with 20% in the patients with
favorable perfusion types.** Our two perfusion “types”
(favorable and unfavorable) may correspond to Zim-
mon’s types A and B cirrhotic perfusion categories
with the unfavorable curves representing patients with
noncompliant hepatic vasculature—specifically, poorly
formed or functioning arterioportal shunt networks un-
able to provide arterial compensation for lost portal flow.
We found unfavorable perfusion patterns primarily in
patients with severe cirrhosis and refractory ascites; the
subgroup of favorable perfusion patients with very high
arterial-type flow were more likely found in the popula-
tion with bleeding varices. These findings are not sur-
prising given the experience of our group and others that
patients receiving TIPS for refractory ascites suffer
higher mortality than patients with varices as a primary
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(A) Image from an angled coronal cine MRI as in Fig. 3 in a patient with refractory ascites prior to TIPS. (B) Unfavorable

perfusion curve (labeled 1) with arterial-type rise to plateau far below the renal intensity (labeled 2). This patient expired 60 days after

TIPS procedure.
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indication.?® Other studies using hepatic perfusion scin-
tigraphy have suggested a correlation of ascites with
perfusion variants of the liver.?® We surmise that the
favorable and unfavorable perfusion patterns result from
some combination of intrahepatic shunting, perhaps at
the sinusoidal level, and the efficiency of the hepatic
arterial buffer response to the diminished portal flow of
cirrhosis. Further research is needed to clarify the inter-
play of these perfusion factors. It is possible that patients
with an abundant hepatic artery compensation for lost
portal flow and relatively little intrahepatic shunting
might present with good liver function and bleeding
varices, whereas poor hepatic artery compensation and
extensive intrahepatic shunting might present later with
advanced cirrhosis and refractory ascites, although this
remains unproven. Ultimately, we believe that some
combination of noninvasive measures of hepatic func-
tional reserve (model for end-stage liver disease, acute
physiology and chronic health evaluation, Childs-Pugh
scores) and of hepatic perfusion status will optimally
stratify risk in patients considered for TIPS and possibly
for other procedures such as hepatic artery chemoembo-
lization and liver transplantation.
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