Temporal Relationship Between Circulatory
and Renal Dysfunction and Ascites
Formation

Sodium retention, an impairment of free water excretion,
and a reduction in the glomerular filtration rate (GFR) are
the most relevant renal abnormalities in cirrhosis. Their main
consequences are ascites, dilutional hyponatremia, and hepa-
torenal syndrome (HRS).! These complications appear
sequentially in parallel with a progressive deterioration of cir-
culatory function” (Fig, 1).

Phase 1: Hyperdynamic Circulation Keeps Patients Free
of Ascites Despite the Progression of Splanchnic Arterial
Vasodilation. Splanchnic arterial vasodilation is an impor-
tant feature associated with portal hypertension. It increases
portal venous inflow and maintains the progression of portal
hypertension despite the collateral circulation, and it impairs
systemic circulatory function. In compensated cirrhosis,
splanchnic arterial vasodilation is not followed by an impair-
ment of the effective arterial blood volume because patients
develop parallel increases in plasma volume and cardiac out-
put (hyperdynamic circulation). During this phase, the arte-
rial pressure, renal function, plasma renin activity (PRA),
plasma norepinephrine (NE) level, and antidiuretic hormone
(ADH) concentration are normal.

Phase 2: The Onset of Sodium Retention and Ascites
Develop in the Absence of Activation of the Renin-
Angiotensin-Aldosterone System (RAAS) and the Sympa-
thetic Nervous System (SNS). With the progression of
cirrhosis, patients become unable to excrete their regular so-
dium intake. Sodium is then retained with water and accu-

REVIEW

Relationship Between Systemic Hemodynamics, Renal
Dysfunction, and Fluid Retention in Cirrhosis

Vicente Arroyo, M.D., Ph.D.*"* and Javier Ferndndez, M.D., Ph.D.* "

mulates as ascites. During this phase, in comparison with
phase 1, patients display higher portal pressures, probably
higher peripheral vascular resistance, increased cardiac out-
put, and moderately reduced sodium excretion. In contrast,
renal perfusion, GFR, free water excretion, PRA, NE, and
ADH are normal.>* Sodium retention is, therefore, unrelated
to activation of the renin-angiotensin-aldosterone system
(RAAS) and the SNS, the two most important antinatriuretic
systems so far identified. Plasma levels of endogenous natri-
uretic hormones are increased.” The mechanism of sodium
retention during this phase is unknown.

Phase 3: Activation of the Endogenous Vasoconstrictor
Systems Is Initially Associated With Intense Sodium
Retention but Preserved Renal Perfusion, GFR, and Renal
Ability to Excrete Free Water. When sodium retention is
intense, PRA and NE are increased.”” The plasma volume
and the peripheral vascular resistance, however, do not differ
from the previous phase despite marked activation of the
renin-angiotensin system and the SNS.> This feature is com-
patible with a progression in splanchnic arterial vasodilation
compensated by vasoconstriction in extrasplanchnic organs
(Table 1). Renal, cerebral, and muscular blood flow is
reduced in these patients.® Cardiac output in phase 3,
although higher than normal, is lower than that in phase 2’
and this indicates that circulatory dysfunction is also related
to a decrease in cardiac function. Arterial pressure during
this phase is critically dependent on the increased activity of
the renin-angiotensin system and the SNS, and the adminis-
tration of drugs that interfere with these systems may precip-
itate arterial hypotension.” Renal perfusion and GFR are
normal or are only moderately reduced because the

Abbreviations: ADH, antidiuretic hormone; GFR, glomerular filtration rate; HRS, hepatorenal syndrome; NE, norepinephrine; PRA, plasma renin activity;
RAAS, renin-angiotensin-aldosterone system; SBP, spontaneous bacterial peritonitis; SNS, sympathetic nervous system.
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FIGURE 1. Mechanisms of circulatory and renal dysfunction in cirrhosis.
The main mechanism is progressive splanchnic arterial vasodilation due to the
overproduction of vasodilator molecules. During the initial phases of decom-
pensated cirrhosis when the activation of vasoconstrictor systems is moderate,
patients develop sodium retention and ascites. In subsequent stages, the acti-
vation of ADH leads to dilutional hyponatremia. Finally, in the most advanced
phases when circulatory dysfunction is extreme, the renal vasodilatory systems
are overcome, and patients develop severe renal vasoconstriction and type 2
HRS. These patients also present with cardiac dysfunction.

vasoconstrictor effect of angiotensin and catecholamines is
antagonized by intrarenal vasodilator prostaglandins.” Renal
perfusion is, therefore, dependent on prostaglandin synthesis,
and severe renal failure may develop with nonsteroidal anti-
inflammatory drugs. Prostaglandins also inhibit the effects of
ADH and prevent the development of significant
hyponatremia.®

Phase 4: Dilutional Hyponatremia Develops When the
Renal Ability to Excrete Free Water Is Severely Reduced. In
comparison with phase 3, PRA and NE are higher and renal
perfusion and GFR are lower in patients with dilutional hypo-
natremia (<130 mEg/L). The renal ability to excrete free
water, which is approximately 10 ml/minute in healthy sub-
jects and 4 to 5 mL/minute in patients with cirrhosis in phase
3, is <1 ml/minute in patients with hyponatremia. This
reduction in free water clearance is related to high plasma lev-
els of ADH.” Dilutional hyponatremia produces a depletion of
brain osmolytes and predisposes patients to brain edema and
hepatic encephalopathy.

Phase 5: Type 2 HRS Represents the Extreme Expression
of Circulatory Dysfunction. Type 2 HRS (defined as a
serum creatinine level > 1.5 mg/dL or a GFR < 40 mL/
minute) is secondary to intense renal vasoconstriction. > Tt
develops in the setting of both severe deterioration of circu-
latory function and extreme overactivity of endogenous vaso-
constrictor systems that together overcome the effect of intra-
renal vasodilatory mechanisms (Table 1). The cardiac output
in patients with type 2 HRS is lower than that in patients

without HRS.*® A significant number of these patients may
even present with normal or reduced cardiac output, which
indicates the disappearance of hyperdynamic circulation. So-
dium retention in patients with type 2 HRS is due to reduced
filtered sodium and markedly increased sodium reabsorption
in the proximal tubule. The delivery of sodium to the distal
nephron, the site of action of diuretics, is very low.

The Time Course of Circulatory and Renal Dysfunction Is
Not Uniform. The time course from compensated cirrhosis
to type 2 HRS is not uniform. Although it may take a decade
or even longer if the progression of liver failure and/or fibro-
sis is delayed (i.e., alcohol withdrawal in patients with alco-
holic cirrhosis or viral suppression), it can progress faster if
there is rapid deterioration of these factors. The time course
of circulatory and renal dysfunction may also be accelerated
by complications associated with the underlying disease.
Patients at any phase of the disease may progress to HRS (ei-
ther type 1 or 2) within a few days or weeks of acute bacte-
rial infections, toxic, viral, or acute alcoholic hepatitis super-
imposed on cirrhosis, large-volume paracentesis without al-
bumin, or major surgery. Studies in patients with spontane-
ous bacterial peritonitis (SBP) have shown that this rapid
progression occurs in the setting of an exaggerated inflamma-
tory response leading to intense acute arterial vasodilation
and a reduction in cardiac output'® (Table 2).

Key Factors Associated With Circulatory
Dysfunction, Renal Dysfunction, and
Ascites Formation

Splanchnic Arterial Vasodilation and Renal Dysfunction.
Splanchnic arterial vasodilation in cirrhosis is related to an
increase in the local release of vasodilatory substances,

TABLE 1. Systemic Hemodynamic and Neurohormonal Parameters in
Patients With Nonazotemic Cirrhosis and Ascites Who Did or Did Not
Develop Type 2 HRS During Follow-Up®

Data for Patients
Developing Type 2 HRS
(n=15)

Baseline Data
for Patients Not
Developing Type 2

Parameter HRS (n = 39) Baseline Type 2 HRS

Mean arterial pressure 88 +9 86 + 10 79 =7
(mm Hg)

PRA (ng/mL-hour™!) 31+23 7537 119+48

NE (pg/mL) 222 = 68 442 + 155 629 + 320

Systemic vascular 962 + 256 1032 + 251 1014 = 276
resistance (dyn-s/cm )

Cardiac output (L/minute) 72 *18 62=*14 b8+ 1.2

Heart rate (bpm) 87 + 15 84 + 12 80 = 14

These results are indicative of a progressive deterioration of cardiocircula-
tory function. The absence of significant changes in systemic vascular resist-
ance between the groups is compatible with peripheral arterial vasodilatation
compensated by the vasoconstrictor effect of the RAAS and the SNS. The
lack of an increase in the heart rate indicates an impairment in cardiac chro-
notropic function. HRS developed in patients with severe impairment of sys-
temic hemodynamics. The data are presented as means and standard
deviations.
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TABLE 2: Functional Parameters in Patients Who Did or Did Not Develop Type 1 HRS After SBP'°

Type 1 HRS (n = 8) No Type 1 HRS (n = 15)
Parameter SBP Diagnosis SBP Resolution SBP Diagnosis SBP Resolution
Mean arterial pressure (mm Hg) 83 +7 73 £ 8* 83 + 10 83 +8
PRA (ng/mL-hour™1) 184 = 11.2"'. 28.3 £ 12.4* 39 36 28 + 36
NE (pmol/L) 4711 = 1336" 7625 *+ 2453* 1862 + 1017 1874 + 1153
Systemic vascular resistance (dyn-s/cm™°) 1137 = 2207 1268 + 320 893 + 196 968 + 226
Cardiac output (L/minute) 57 +0.9° 4.6 = 0.7* 74 +19 6.8+ 20
Heart rate (bpm) 93 = 13 87 9 87 * 16 79 £ 16

Two hemodynamic studies were performed: one at the diagnosis of SBP and the other after the resolution of the infection. The time that elapsed between the

studies was <7 days. The data are presented as means and standard deviations.
*Significantly different in comparison with the values at the diagnosis of SBP.

fSignificantly different in comparison with the values at the diagnosis of SBP in the group without type 1 HRS.

including nitric oxide and endogenous cannabinoids. The
translocation of bacteria or bacterial products from the in-
testinal lumen to the intestinal extracellular space and the
activation of the intestinal nonadrenergic, noncholinergic
nervous systems are probably important mechanisms in
this process. In cirrhosis, there is also increased angiogen-
esis in the splanchnic area secondary to local activation of
proangiogenic factors. These two mechanisms lead the
splanchnic circulation to be resistant to the vasoconstrictor
effect of angiotensin II, catecholamines, and vasopressin.
As a result, extrasplanchnic organs become the main sites
regulating arterial pressure in cirrhosis. In patients with
cirrhosis and renal failure with or without bacterial infec-
tions, there is marked systemic inflammation that impairs
the microcirculatory function in the kidneys and other
organs. Both features account for the predisposition of
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Reduction in Cardiac Output. Although diastolic dysfunc-
tion (impaired ventricular relaxation) is a frequent event in
cirrhosis, it is usually low-grade and does not participate in
the reduction in cardiac output. In contrast, the cardiac
chronotropic and inotropic response to SNS activity is
severely impaired. The most plausible mechanism of circula-
tory dysfunction in cirrhosis is, therefore, an insufficient car-
diac chronotropic and inotropic response to the sympathetic
nervous overactivity associated with the progression of
splanchnic vasodilation. m
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