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Summary: Several studies have shown the efficacy of hypertonic saline solution infusion in conditions in which
regional organ blood flow is impaired. Our group has shown that treatment of patients with diuretic-resistant heart
failure with high-dose furosemide plus hypertonic saline is effective and well tolerated, improving symptoms of
congestion, reducing plasma levels of markers of neurohormonal and inflammatory activation, decreasing hospital
readmission rates, and reducing long-term mortality. The same regimen was shown to be better than repeated
paracentesis in patients with cirrhosis and refractory ascites, yielding better control of ascites, pleural effusions,
and/or leg edema without an increase of common adverse effects linked to high-dose furosemide such as hepatic

encephalopathy.
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espite near-universal use of diuretics in patients

hospitalized with congestive heart failure and

ascites, half of these patients are discharged at a
weight that is greater than what it was on admission.!
Failure to achieve negative fluid balance can be caused
by inadequate diuretic dosing, excessive sodium intake,
or diuretic resistance, often related to decreased renal
function.

In cirrhosis and congestive heart failure, abnormalities
of circulatory and volume homeostasis elicit neurohor-
monal responses influencing renal function and leading
to retention of sodium and water.? In both disorders, an
increase in efferent renal sympathetic nerve activity an-
tagonizes the diuretic and natriuretic effects of atrial
natriuretic peptides and contributes to renal sodium and
water retention.

Diuretic therapy of heart failure and cirrhosis involves
a delicate balance. The diuretic dose must be sufficient to
effectively relieve fluid overload and its ensuing symp-
toms without stimulating adverse physiologic effects.
Excessive diuresis produces hypovolemia and extracel-
lular fluid contraction, leading to hypotension, reduced
cardiac output, diminished glomerular filtration rate
(GFR), and further impairment of renal function.®** We
have attempted to achieve an adequate duresis without
compromising renal function using combined infusions
of high-dose furosemide and hypertonic saline.
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EFFECT OF HYPERTONIC SALINE
SOLUTIONS ON THE HEART AND CIRCULATION

Several studies have shown the efficacy of hypertonic
saline solution (HSS) infusion in conditions in which
regional organ blood flow is impaired.>® HSS was first
applied in this way for the primary treatment of severe
hemorrhagic and traumatic shock and this therapy
promptly restored central hemodynamics and peripheral
blood flow.” In experimental models of acute hemor-
rhage, within minutes after replacement of a small frac-
tion of the blood volume lost with HSS, cardiac output
reached or even exceeded prehemorrhage values and
mean arterial pressure returned to near-baseline values.
Intravenous infusion of hypertonic saline rapidly in-
creases the plasma sodium concentration and plasma
osmolality, which mobilizes fluid into the vascular com-
partment and increases renal blood flow.>7 As a result,
renal blood flow was completely restored, whereas flow
in myocardium, brain, skeletal muscle, adrenal glands,
and small intestine and colon increased even above base-
line values. The suggested mechanisms included a direct
effect on myocardial performance and reduced sympa-
thetic tone.” -

Based on this experience, our group hypothesized that
the combination of high-dose loop-active diuretic and
small-volume HSS infusion could be effective in the
treatment of patients with refractory CHF.

CARDIORENAL SYNDROME

A diseased heart has numerous negative effects on kid-
ney function and, at the same time, renal insufficiency
can significantly impair cardiac function.®!> Thus, direct
and indirect effects of dysfunction of these two organs
can initiate and perpetuate a combined disorder through a
complex combination of neurohormonal feedback mech-
anisms that have been called the cardiorenal syndrome.
Several subcategories of the syndrome have been de-
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Figure 1. Acute cardiorenal syndrome (cardiorenal syndrome type 1).

fined,"? as follows: (1) acute heart failure of various
causes, most notably cardiogenic shock, leading to acute
kidney injury!® (Fig. 1); (2) chronic congestive heart
failure associated with progressive chronic kidney dis-
ease'’ (Fig. 2); (3) acute kidney disease leading to acute

cardiac dysfunction (eg, heart failure, arrhythmia, isch-
emia); (4) primary chronic kidney disease (eg, chronic
glomerulonephritis) contributing to decreased cardiac
function, ventricular hypertrophy, diastolic dysfunction,
and/or increased risk of adverse cardiovascular events;
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Figure 2. Chronic cardiorenal syndrome (cardiorenal syndrome type 2). CKD, chronic kidney disease; RAAS, renin-angiotensin-
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and (5) combined cardiac and renal dysfunction caused
by acute or chronic systemic disorders (eg, sepsis, dia-
betes, amyloidosis, systemic lupus erythematosus, or sar-
coidosis).

In patients with the cardiorenal syndrome, the overall
goals of management should be to normalize volume
status while avoiding overdiuresis and attendant renal
dysfunction, and to implement evidence-based pharma-
cologic and device therapy to improve patient outcomes.

USE OF DIURETICS IN CONGESTIVE HEART FAILURE

Diuretics are used routinely as first-line agents to rapidly
alleviate symptoms related to fluid overload in conges-
tive heart failure. Loop diuretics improve clinical symp-
toms of dyspnea and signs of pulmonary edema by
acutely decreasing left ventricular preload, reducing
wedge pressure, and increasing venous capacitance.
When used in combination with vasodilators, loop diuret-
ics reduce ventricular cavity size and mitral regurgitation,
resulting in increased forward cardiac output.'®

Appropriate diuretic therapy induces adequate fluid
control in most patients with mild to moderate disease,
leading to the resolution of pulmonary and peripheral
edema. The diuretic’s efficacy may be enhanced by con-
current therapy with an angiotensin-converting enzyme
(ACE) inhibitor. Loop diuretics are the foundation of
current acute decompensated heart failure therapy. Ac-
cordingly, the most recent practice guidelines from the
Heart Failure Society of America recommend loop di-
uretics at “doses needed to produce a rate of diuresis
sufficient to achieve an optimal volume status.”® Nev-
ertheless, in some patients, fluid overload persists despite
higher diuretic doses. Diuretic resistance has been asso-
ciated with worsened outcomes in patients with heart
failure.

Diuretics have an S-shaped dose-response curve??!
(see the article by Brater, in this issue, p. 483). Heart
failure and renal impairment influence the curve: heart
failure shifts the curve to the right, such that a higher
dose is required to achieve a maximal natriuretic re-
sponse; renal impairment shifts the curve downward,
such that the maximal natriuretic response that can be
achieved is diminished, no matter how high the diuretic
dose. Therefore, the combined effects of heart failure and
renal impairment create a state of relative diuretic resis-
tance. The increasing dose requirement and diminished
responsiveness to diuretics increases as heart failure pro-
gresses. In addition to these alterations of the dose-
response curve, physiologic adaptations within the
nephron contribute to diuretic resistance. Immediately
after the first dose of a loop diuretic there is a diminished
response to subsequent doses, known as the braking
phenomenon. Loop diuretics directly stimulate renin se-
cretion from the macula densa and diuretic-induced vol-
ume loss increases the filtration fraction and stimulates
efferent sympathetic nerves, which leads to enhanced
NaCl reabsorption through a variety of mechanisms.??

With long-term diuretic therapy, there is increased deliv-
ery of solute distal to the loop of Henle, resulting in
hyperplasia and hypertrophy of the thiazide-sensitive
cells in the distal convoluted tubule and subsequent in-
crease in distal sodium reabsorption.?

The term diuretic resistance remains inadequately de-
fined. In general, failure to decrease the extracellular
fluid volume despite liberal use of diuretics often is
termed diuretic resistance. In clinical settings, diuretic
resistance in edematous patients has been defined as a
clinical state in which sodium intake and excretion are
equalized before adequate elimination of fluid occurs.?
Epstein et al?* defined diuretic resistance as a failure to
excrete at least 90 mmol of sodium within 72 hours of a
160-mg oral furosemide dose given twice daily. This
definition encompasses both refractory ascites and con-
gestive heart failure. These are very different syndromes
that have in common an increase in efferent renal sym-
pathetic nerve activity that antagonizes the diuretic and
natriuretic effects of atrial natriuretic peptides.

Fluid accumulation producing edematous states is a
common problem encountered in patients with refractory
ascites and congestive heart failure. Management of the
edematous state associated with these clinical conditions
usually includes diuresis in combination with fluid and
sodium restriction. However, this standard approach of-
ten fails as the edematous state progresses and diuretic
resistance occurs.

Diuretics are an integral part of heart failure therapy.
However, their overaggressive use or their use in com-
bination with other factors, such as an intercurrent ill-
ness, frequently leads to hypovolemia, reducing cardiac
output and GFR.'%2 If there is adequate time for vascular
refilling, fluid removal can be achieved with diuretics
without compromising renal perfusion. However, vascu-
lar refilling time and the hemodynamic response to fluid
removal can vary from patient to patient. If overaggres-
sive diuresis leads to a decline in renal function, it should
be reversed with appropriate fluid management before
further and possibly irreversible renal damage ensues.

HIGH-DOSE FUROSEMIDE PLUS HSS IN REFRACTORY
CONGESTIVE HEART FAILURE: PERSONAL EXPERIENCES

Refractory congestive heart failure is defined?® as uncom-
pensated heart failure (dyspnea, weakness, lower-limb
edema, or anasarca) of New York Heart Association
(NYHA) functional class IV that is unresponsive to treat-
ment with high oral doses of furosemide (as much as
250-500 mg/d) and/or combinations of diuretics (thiazide,
loop diuretic, and spironolactone), ACE inhibitors (equiva-
lent to 75-150 mg/d of captopril), digitalis, and nitrates for
at least 2 weeks before hospitalization. When diuretic resis-
tance occurs, proposed therapeutic options include higher
doses or constant furosemide infusion®’; concomitant dopa-
mine infusion to increase renal blood flow, potentiating
diuretic activity?®; and combinations of different classes of
diuretics providing synergistic effects.”
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We hypothesized that the maintenance of adequate
vascular refilling and renal perfusion during treatment
with high doses of furosemide may be useful in reducing
the frequency of side effects associated with high-dose
diuretics while enhancing their effectiveness; both of
these goals can be achieved by combining high-dose
furosemide with the administration of hypertonic saline.

Preliminary studies to test the safety and tolerability of
the combination of HSS and furosemide were undertaken
in 1999.% Thirty patients aged 65 to 85 years, with
refractory NYHA class IV congestive heart failure
(CHF), were treated with an intravenous infusion of
furosemide (250-2,000 mg/d) and small-volume hyper-
tonic saline solution (150 mL of 1.4%-4.6% NaCl) twice
a day for 6 to 12 days. A daily fluid oral intake of 1,000
mL and previous cardiac therapy were maintained. Clin-
ical signs and symptoms of CHF, such as dyspnea, edema
and weakness, improved, as did severity of illness as
defined by NYHA class. After a 12-month follow-up
period, 24 patients (80%) were alive and still in the
NYHA class assigned to them on discharge from the
hospital. In this study we showed that this therapeutic
combination is effective and well tolerated and that it
could represent an innovative approach to the manage-
ment of refractory CHF.

To confirm these findings we subsequently performed
a randomized single-blind study?! comparing combined
therapy with HSS and high-dose intravenous furosemide
with furosemide alone in 60 hospitalized patients with
NYHA class IV refractory heart failure. All patients met
the Framingham criteria for refractory heart failure,
showing unresolved dyspnea, weakness, and edema de-
spite treatment with high oral doses of furosemide up to
250 to 500 mg/d and/or combinations of diuretics (thia-
zide, loop diuretic, spironolactone, ACE inhibitors in
doses equivalent to captopril 75-150 mg/d, digitalis, and
nitrates) for at least 2 weeks before the study and before
hospitalization.

The experimental group received a 30-minute intrave-
nous infusion of furosemide (500-1,000 mg) plus HSS
(150 mL of 1.4%-4.6% NaCl) twice daily, and controls
received an intravenous bolus infusion of furosemide
(500-1,000 mg) without HSS twice daily, for a period of
6 to 12 days. In both groups, the daily dose of furosemide
was determined for each patient, based on urine volume,
blood pressure values, and severity of signs and symp-
toms of congestion. In the experimental -group, the dose
of HSS was determined in each patient by modifying the
concentration of the HSS infusion according to the serum
sodium (sNa) values: 4.6% NaCl for sNa of 125 mEg/L
or less, 3.5% NaCl for sNa of 126 to 135 mEq/L; 1.4%

to 2.1% NaCl for sNa of 135 mEq/L or greater. To .

prevent hypokalemia, 20 to 40 mEq of KCI was admin-
istered daily.

An improvement in clinical parameters such as dys-
pnea, lower-limb edema, anasarca, and weakness was
obtained in all 60 enrolled patients. Urine output and

sodium excretion increased in both groups, but to a
significantly greater degree in the experimental group
treated with HSS and furosemide than in controls receiv-
ing furosemide alone (P < .05). Urine output increased
from 390 *= 55 mL/24 hours to 2,100 = 626 mL/24 hours
in the experimental group, and from 433 * 141 to 1,650 =
537 mL/24 hours in controls, whereas sodium excretion
increased from 49 = 15 to 198 = 28 mEq/24 hours in the
experimental group and from 53.83 *= 12 to 129 * 39
mEq/24 hours in controls. The serum sodium concentra-
tion increased in the experimental group (from 135.9 =+
6.8 10 142.2 = 3.8 mEq/L, P < .05) and decreased in
controls (from 134.7 = 7.9 to 130.1 = 4.3 mEq/L). Body
weight decreased by 5 to 20 kg in both groups (from
73.8 = 9.1 to 63.8 = 8.8 kg in the experimental group,
and from 72.9 = 10.2 to 64.5 = 7.5 kg in the control
group), and weight loss was proportional to increased
urinary volume. We found greater improvement in
NYHA class in patients receiving HSS. Serum creatinine
level decreased in patients receiving HSS, possibly in-
duced by the expansion of the extracellular fluid volume,
whereas serum creatinine level increased in controls.

More recently, our group conducted another single-
blind randomized study*? to determine the long-term
effects of our HSS plus high-dose furosemde regimen on
morbidity and mortality. The experimental group re-
ceived the previously described intravenous HSS/furo-
semide regimen given with a normal sodium (120
mmol/d) diet for 6 to 12 days in the hospital followed by
high doses of oral furosemide and a normal sodium diet
after discharge; controls received high doses of furo-
semide without HSS plus a low-sodium diet (80 mmol/d)
for 6 to 12 days in the hospital and high doses of oral
furosemide plus a low-sodium diet after discharge. We
recruited 107 patients (39 women and 68 men; age range,
65-90 y) with refractory CHF of different etiologies. A
prominent improvement in clinical parameters, such as
dyspnea, lower-limb edema, anasarca, or weakness, was
obtained in all patients studied and those with ascites and
pleural and/or pericardial effusion experienced complete
resolution of these findings (evaluated clinically and by
radiography and echocardiography).

Similar to the previous study, urine output, urinary
sodium losses, and weight loss in the hospital were
greater in the experimental group than in controls. After
discharge, during the follow-up period, patients who had
been treated with intravenous HSS as inpatients and a
higher dietary salt intake as outpatients had a lower
rehospitalization rate than controls; if they did require
re-admission to the hospital, they had a higher functional
class at re-entry than they had at the time of the first
hospital discharge (NYHA class III). The patients who
did not require re-admission to the hospital maintained
the same NYHA functional class achieved at the time of
hospital discharge. The mortality rate was 45.3% in the
HSS group versus 87% in the conventional treatment
group.
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Useful in epidemiologic studies and clinical trials in
advanced heart disease,>3* natriuretic peptides also have
been shown to be very powerful prognostic markers.
Therefore, we next performed® a randomized double-
blind study to determine the effect of the furosemide/
HSS regimen on brain natriuretic peptide (BNP) plasma
levels in patients with advanced CHF (NYHA functional
class IV). As in the previous study, the HSS group was
maintained on a 120-mEq NaCl diet whereas controls
were fed an 80-mEq NaCl diet. Most study patients in
both groups experienced functional improvement. In ad-
dition, we observed that plasma levels of BNP were
significantly lower in the HSS group in comparison with
the non-HSS group at 6 days and at 30 days after treat-
ment.

Reduced BNP in patients treated with HSS is probably
owing to a rapid and clinically important reduction in
plasma volume and a subsequent decrease in cardiac wall
stress. It is possible that, in addition to the direct effects
on renal hemodynamics, the therapeutic effects of this
treatment also are mediated by modulation of neurohor-
mones.

Heart failure is characterized by neurohormonal acti-
vation and inflammation. These responses relate to out-
come, and they are a therapeutic target. To evaluate the
effects of our furosemide/HSS regimen on natriuretic
peptides and immunoinflammatory marker levels, 120
patients with heart failure treated with our regimen were
matched with 30 subjects with heart failure treated with
high-dose furosemide wihthout HSS, 30 controls with
asymptomatic left-ventricular dysfunction, and 30 con-
trols without heart failure or left-ventricular dysfunc-
tion.® We evaluated plasma levels of natriuretic peptides
and cytokine levels at baseline, after treatment, and after
an acute saline load. Compared with treatment with fu-
rosemide alone, treatment with furosemide/HSS resulted
in a significant lowering of plasma levels of atrial natri-
uretic peptide (ANP), BNP, tumor necrosis factor-a,
interleukin (IL)-1B8, and IL-6. An acute saline load (15
mL/kg of 0.9% NaCl) administered after an 8-day course
of the furosemide/HSS regimen resulted in a lower per-
centage change of ANP, BNP, tumor necrosis factor-a,
and IL-1B compared with control groups. The reasons for
the response to saline are somewhat difficult to explain,
but it could be that the combined effects of reduced
extracellular volume owing to furosemide and the rapid
increase in serum sodium concentration owing to HSS
led to a stretching relief that could influence natriuretic
and immunoinflammatory markers. However, these pro-
posed mechanisms are only hypothetical.

USE OF DIURETICS IN ASCITES

Ascites, the most common complication of advanced
liver disease, result from hemodynamic changes in the
splanchnic vasculature and neurohumoral changes that
result in systemic vasodilatation. These changes cause
avid sodium retention related to decreased glomerular

sodium filtration and increased tubular sodium reabsorp-
tion. According to a recent hypothesis, the initiating
factor would be vasodilatation of the splanchnic bed,
which leads to a decrease in the effective blood volume.
This results in activation of vasoconstrictor systems (cat-
echolamine, renin-angiotensin, arginine-vasopressin),
which produces renal vasoconstriction, particularly in the
cortex, with subsequent decrease in the glomerular so-
dium filtration rate; a concomitant increase in aldosterone
secretion results in enhanced sodium reabsorption by the
renal tubule (a discussion of the pathogenesis of sodium
retention in liver disease can be found in the article by
Dr. Schrier, p. 503).

Therapeutic algorithms for ascites include a low-so-
dium diet, diuretics, paracentesis, transjugular intrahe-
patic portasystemic shunt, surgery, and extracorporal
elimination.3” Some randomized controlled studies®*-? of
paracentesis showed an increase in effective arterial
blood volume, cardiac output, and concentration of the
plasma ANP, and a decrease in plasma renin activity,
plasma aldosterone concentration, and plasma norepi-
nephrine. However, this early phase was rapidly followed
by a post-paracentesis circulatory dysfunction syndrome,
characterized by an irreversible reduction in effective
arterial blood volume, with a negative impact on the
evolution of the disease.

Although paracentesis is the first-choice treatment of
massive ascites, moderate ascites should be treated with
salt restriction and diuretics to create a negative sodium
balance.**4! Diuretics also are required to prevent or
delay further paracentesis in patients with massive as-
cites.*?

Because renal perfusion and GFR are preserved in the
early stages of ascitic decompensation, secondary hyper-
aldosteronism is the principal pathogenetic factor, and
sodium retention mainly occurs at the distal nephron.** In
more advanced stages, once GFR has declined, proximal
sodium reabsorption progressively increases and may
become prevalent. A rational choice** of diuretics should
rely on this pathogenetic background: antimineralocorti-
coids, whose efficacy has long been shown by clinical
trials,*> should always be used, and loop diuretics be-
come necessary when proximal sodium reabsorption is
prominent because the ideal drug acting at the proximal
renal tubule is not available.

Having found that aldosterone antagonists represent
the first-line diuretics in the treatment of ascites in cir-
rhosis,* two different schedules are being used in clinical
practice. The first consists of the administration of in-
creasing doses of spironolactone, adding furosemide only
to those patients who did not respond to the high recom-
mended doses of aldosterone antagonist (sequential di-
uretic treatment). The second schedule provides the si-
multaneous administration of an aldosterone antagonist
and loop diuretic from the beginning of the treatment,
increasing the dose of both diuretics if no response is
achieved (combined diuretic treatment).*’
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One study,*’ performed on a relatively small number
of nonazotaemic patients, has been published. Patients
were randomized to be treated with either furosemide or
spironolactone, followed by furosemide if necessary, or a
combination of furosemide and spironolactone. All reg-
imens achieved comparable success rates, but furosemide
monotherapy required repeated upward dose adjustments
and massive KCI supplementation. The cumulative inci-
dence of diuretic-induced complications also was similar,
even though severe hyperkalaemia was more frequent on
combination therapy. The investigators concluded that
treatment with furosemide alone should be avoided, and
they advised either sequential or combination therapy.

More recently, two prospective randomized clinical
trials compared the efficacy and safety of the stepwise
sequential and combination treatments.*’*8 Santos et al*’
evaluated 100 nonazotemic cirrhotic patients with mod-
erate ascites randomly assigned to be treated with spi-
ronolactone and furosemide or with spironolactone alone
and they reported that the response rate, the rapidity of
ascites mobilization, and the incidence of complications
induced by diuretic therapy was similar in both groups.
Angeli et al*® compared sequential versus combined di-
uretic therapy in patients with cirrhosis, moderate ascites,
and without renal failure. The investigators evaluated 100
patients randomly assigned to sequential treatment with
potassium canrenoate (an aldosterone antagonist) at the
initial dose of 200 mg/d, then increased to 400 mg/d or to
combined treatment with potassium canrenoate in an
initial dose of 200 mg/d, then increased to 400 mg/d and
50 mg/d of furosemide, and then increased to 150 mg/d.
They showed that adverse effects, particularly hyperkal-
aemia, were more frequent in patients who received
sequential therapy and that the number of patients who
resolved ascites without changing the effective diuretic
step was higher in those who received the combined
treatment.

Patients with ascites can be divided into categories
based on their response to treatment.*® Less than 10%
have natural sodium excretion (ie, without diuretics)
more than 78 mEq/d. These patients have relatively pre-
served liver functions and will respond to dietary salt
restriction (88 mEq or 2,000 mg/d) alone. As liver func-
tion deteriorates, patients excrete less sodium in the urine
and sodium restriction alone is no longer enough to
create a negative sodium balance and control ascites.
Most patients will need diuretics combined with a so-
dium-restricted diet. This regimen is effective in about
90% of patients. Over time, up to 20% of patients who
initially were diuretic-responsive will become diuretic-
resistant,’’ and 5% to 10% of patients never respond to
this regimen and have refractory ascites.

Ascites may be refractory to diuretics because these
drugs induce complications (ie, hyponatremia or renal
failure) or cannot mobilize ascites (or prevent its reaccu-
mulation after paracentesis). Refractory ascites was de-
fined according to the International Ascites Club crite-

ria*3 as either: (1) diuretic-resistant refractory ascites:
less than 1.5 kg/wk weight loss while being treated with
furosemide (160 mg/d) and spironolactone (400 mg/d) or
an equivalent dose of a loop-acting and distal-acting
diuretic; or (2) diuretic-intractable refractory ascites: less
than 1.5 kg/wk weight loss as a result of the inability to
use an effective dose of diuretic because of the develop-
ment of diuretic-induced hyponatremia (sodium level,
<125 mEq/L), hyperkalemia (potassium level, >5.5
mEq/L), renal failure (doubling of serum creatinine level
or serum creatinine values >2.5 g/dL) or encephalopa-
thy; or (3) previous dietary restriction of sodium between
50 and 66 mEq/d.

Thus, there are two types of refractory ascites: diure-
tic-intractable ascites and diuretic-resistant ascites, Dif-
ferent treatments have been proposed in patients with
refractory ascites: paracentesis and plasma volume ex-
pansion, peritoneovenous shunt, or transjugular intrahe-
patic portosystemic shunt. Unfortunately, these proce-
dures have not been shown to improve survival.

An assessment of the response to a diuretic in subjects
with cirrhosis and ascites also may be used for the
diagnosis of refractory ascites. Spahr et al’! studied the
usefulness of an 8-hour, furosemide-induced natriuresis
test to identify reliably such patients. On this basis an
inadequate natriuretic response to diuretic at adequate
doses can be used to define refractory ascites.

The mechanisms of diuretic resistance to furosemide
in cirrhotic patients with ascites have been described in
several stuides.’>** It is now well recognized that furo-
semide pharmacokinetics are not altered by cirrhosis.>
The diminished response can be explained by several
factors: (1) there is reduced delivery of furosemide to the
renal tubule, which is proportional to the reduction in
GFR; (2) vasoconstriction of the renal cortex observed in
patients with resistant ascites leads to a decrease in the
number of nephrons with the most important natriuretic
potential; and (3) increased proximal reabsorption of
sodium decreases the amount of sodium and water reach-
ing the ascending limb of Henle’s loop, the site of action
of furosemide.

Few studies have compared paracentesis with diuretics
in the treatment of tense or refractory ascites. Quintero et
al’? randomly assigned patients with tense ascites to
treatment with either paracentesis plus intravenous albu-
min infusion or diuretics, and found similar outcomes.
Paracentesis, however, poses a number of issues in pa-
tient management and alternative treatments to overcome
the limitations of diuretic therapy and repeated paracen-
teses certainly are needed.

HIGH-DOSE FUROSEMIDE PLUS HSS
IN REFRACTORY ASCITES: PERSONAL EXPERIENCES
By using our experience with the treatment of refractory

heart failure’®3? we evaluated the safety and efficacy of
intravenous high-dose furosemide plus HSS compared
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Table 1. Clinical and Laboratory Variables Before {ai Admts&on) and After Treatment with High-Dose Furosemide + HSS or After Serial

_ Paracentesis
ﬁwosemidsPuuHSS(n 50} Serial Paracentesis (n = 24)
_ _ Before  After P Before Atter P
Number of subjects - : - 80 e 60 _ oAt 24
- Weight, kg : 7856 - 70+ 7.4 <.001 77+ 38 738+38 <.001
 Urine output, mL/24 h - 550 + 147 F1A05 =131 <05 580 = 112 750 = 124 07
Serum creatinine level, mg/dL e 4705 145703 .06 1.56 0.6 1.76 = 0.6 .08
Serum uric acid level, mg/dL 44207 -7 57104 .05 42+06 43+ 02 79
Serum sodium level, mEq/L 43314 f37+as. - B8 134 17 133+ 4.6 73
- Serum potassium fevel, mEq/L ©42+08 . 443086 . <.001 43+03 42+05 .04
Urine sodium level, mEq/24 h 495+94 158 = 25 <05  478+1B  545+124 70
Urine potassium level, mEq/24 h 56376 83+21 <05  543+111 59 + 29 63
Ascites, n (%) se 60 I00) 14(23.3) . <001  24(100) 11 (45.8) <.001
SoGmler s are Lo e ~ 8(13.3) <.001 - —
 Gradell : : 14 (23. 3} - 3(5) . <.001 . 5(20.8) 9(37.5) .032
Gradellt - oo - 46 (76.6) - 3(5) <.001 19 (79.1) 2(8,3) <.001
Ammonium level, pg/dL. BT E7 38+9 58 34+7 34+2 .28
Leg edema, n (%) 49 (81.6) - 4(6.6) <.001 - 18(75) 16 (66.6) .04
Pleural effusion, n (%) 11 (18.3) 2(3.3) <.001 5(20.8) 4(16.8) 07
Child-Pugh score, median g2 ‘7.6 - .037 98 89 045
Hepatic encephalopathy, n (%) ~ 9(15) 8(13.3%) .82 4(16.6) 3(12.5) 78
Bacterial peritonitis, n (%) i s S - - 2(8.3) .05

NOTE. Laborahory vanables are sxpressed as mean + standard deviation. Asciies grade was evaluated by Ascﬂas International Club

cntaria

with repeated paracentesis and a standard oral diuretic
schedule in patients with cirrhosis and refractory ascites.

In our study®® 84 patients (59 men and 25 women),
including 58 patients with diuretic-resistant refractory
ascites and 26 patients with diuretic-intractable refractory
ascites, were assigned randomly to treatment with intra-
venous furosemide plus HSS or to repeated paracentesis.
The fursomeide/HSS group (n = 60; age 64 = 13.6 y)
received intravenous infusions of furosemide (doses,
250-1,000 mg twice a day) plus small volumes of HSS
(150 mL 1.4%-4.6% NaCl), from the first day after
admission until 3 days before discharge, along with water
restriction and a normal sodium diet. The paracentesis
group (n = 24; age 64.8 = 8.1 y) received repeated
paracentesis (4-6 L/d) from the first day after admission
until 3 days before discharge with albumin re-infusion at
a rate of 5 to 8 g/LL of removed ascites. For the last
paracentesis (at 3 days from admission) 8.7 = 2.5 L of
ascitic fluid was removed and 8 g of albumin was given
intravenously per liter of ascitic fluid removed following
a method previously described.*! After the last mobiliza-
tion of ascites, patients were assigned to receive diuretic
therapy with oral furosemide (increasing doses up to a
maximum of 160 mg/d) and oral spironolactone (400
mg/d). Throughout their hospital stay, patients were
maintained on a normal sodium diet with fluid restriction.

At discharge (Table 1), patients treated with furos-
mide/HSS showed significantly higher diuresis and
plasma sodium concentrations, significantly lower body
weight, and leg edema and pleural effusion prevalence.

Fourteen subjects (23.3%) in the furosmide/HSS group
had ascites (detected clinically or by ultrasound) at dis-
charge versus 11 subjects (45.8%) in the paracentesis
group. The median change in Child-Pugh score at dis-
charge was significantly higher in the furosemide/HSS
group compared with patients treated with paracentesis.
Serum creatinine levels in patients were slightly lower in
patients treated with furosemide/HSS (1.45 = 0.3 mg/dL
versus 1.7 = 0.5 mg/dL), but this difference did not reach
statistical significance. No other significant difference
was observed in terms of other laboratory and clinical
variables between the two groups (ammonium, potassium
plasma levels, new-onset episodes of hepatic encepha-
lopathy, gastrointestinal bleeding, acute renal failure or
pre-existing renal failure progression, hepatorenal syn-
drome, or mortality).

We concluded that treatment with high-dose furo-
semide plus a small volume of HSS is safe and more
effective than repeated paracentesis plus diuretic treat-
ment in subjects with refractory ascites. A potentially
important finding of our study was that high-dose furo-
semide diuresis may not be as injurious to the kidney as
high-volume paracentesis, a finding that contrasts with
what has been a long-standing belief; serum creatinine
levels after furosemide/HSS were lower than after para-
centesis (albeit not statistically significantly lower). Fur-
thermore, in contrast to previous studies®®>’ we did not
observe a higher rate of hepatic encephalopathy in the
group treated with high-dose furosemide. A combined
derangement of cellular osmolarity coupled with cerebral
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hyperemia can explain the development of brain edema
in encephalopathy.?* It is possible that HSS infusion may
have avoided hepatic encephalopathy by osmotically re-
ducing the severity of brain edema, but future studies
should evaluate this issue.

WHY IS COMBINED THERAPY WITH
HYPERTONIC SALINE AND FUROSEMIDE EFFECTIVE?

The mechanism explaining the efficacy of the proposed
combined infusion in the treatment of severe and refrac-
tory CHF may comprise the instantaneous mobilization
of extravascular fluid into the intravascular space through
the osmotic action of HSS®® and the rapid excretion of
this volume by the action of ECF expansion itself and by
the action of intravenous furosemide infusion. Further-
more, HSS, by a demonstrated increase in renal blood
flow,%! may facilitate the action of furosemide and help
overcome an established furosemide resistance fre-
quently observed in these patients related to CHF it-
self!?2062 or to an age-associated decrease in renal func-
tion.!749

The pathophysiology of heart failure has several sim-
ilarities to the response to hemorrhage. Thus, given the
well-documented influence of the renal blood supply on
sodium handling and the reversal of the antinatriuresis
when renal perfusion is increased in these patients, it
seems likely that the renal vascular response participates
in the sodium retention in patients with advanced dis-
ease.5? Therefore, an increase in renal blood flow may be
an important mechanism by which sodium retention may
be counteracted. Intravenous infusion of hypertonic sa-
line rapidly increases the plasma sodium concentration
and plasma osmolality, instantaneously mobilizing fluid
mobilization into the vascular compartment, increasing
plasma volume and renal blood flow.®” In addition, fluid
shifted out of erythrocytes and endothelial cells to the
extracellular space leads to a reduction in capillary hy-
draulic resistance.” The rapid expansion of extraceulllular
fluid volume is responsible for the decreased plasma and
peritubular oncotic pressure that along with an increased
peritubular hydrostatic pressure enhances the urinary Na
excretion by a reduction in proximal Na reabsorption.%*

The simultaneous administration of furosemide at high
_doses enhances renal sodium excretion because the in-
crement in renal blood flow allows furosemide’s concen-
tration in the loop of Henle to be optimal.

Treatment with furosemide/HSS could be beneficial in
patients with ascites because of both volume expansion
and reduced sinusoidal portal pressure, resulting in a
decrease in plasma renin activity and serum aldosterone
levels, an increase in renal blood flow and GFR, and,
therefore, improved natriuresis. This effect occurs despite a
possible exacerbation of the hyperdynamic circulation, with
a further decrease in systemic vascular resistance and a
further increase in cardiac output. Nevertheless, it is possi-
ble that in our patients treated with furosemide/HSS, the
HSS-related volume expansion served to compensate the

underfilling mechanisms that characterize ascitic cirrho-
sis. Small-volume HSS clearly increases plasma sodium
concentration and plasma osmolality, driving a rapid
redistribution of fluid into the vascular compartment and,
consequently, an increase in renal plasma flow.”6567 The
rapid expansion of the extracellular fluid volume also
reduces peritubular oncotic pressure that, in combination
with increased hydrostatic pressure, reduces reabsorption
of sodium in the proximal tubule.®6! HSS thus can im-
prove diuretic efficiency because HSS expands the arte-
rial circulating volume and increases delivery of sodium
to the ascending limb of the loop of Henle.

CONCLUSIONS

Diuretic drugs usually are effective treatment for edema
when used judiciously. However, many patients become
resistant to their effects. Adaptation to diuretic drugs and
diuretic resistance may be caused by similar mechanisms,
and heart failure and ascites represent two very frequent
clinical settings of diuretic resistance.

Several treatment strategies have been proposed to
overcome diuretic resistance in ascites and congestive
heart failure. Studies of intravenous high-dose furo-
semide in association with small-volume HSS in refrac-
tory congestive heart failure and refractory ascites
suggest that strategy may be a viable option to manage
these clinical conditions. Our group showed the safety
and tolerability of this treatment and its effectiveness
in both these clinical conditions. In patients with re-
fractory CHF, treatment with high-dose furosemide
and HSS is effective and well tolerated,’®! improves
the quality of life through the relief of signs and
symptoms of congestion,?? reduces the plasma levels of
markers of neurohormonal and inflammatory activa-
tion,* may delay more aggressive treatments, and it has
long-term benefits, reducing mortality and hospital re-
admission rates.>? In patients with refractory ascites> the
control of ascites, pleural effusions, and/or leg edema
was deemed significantly better in patients treated with
high-dose furosemide and HSS without an increase of
common adverse effects linked to high furosemide dos-
ages such as hepatic encephalopathy.

Nevertheless, further studies are needed to confirm our
findings and to evaluate hemodynamic and neurohor-
monal changes after treatment with high-dose furosemide
and small-volume HSS and to determine the possible
relationship between these changes and the therapeutic
effectiveness of this type of treatment. Future studies also
should analyze the effects of this type of treatment on
renal function, using a more direct marker of GFR and of
early acute kidney injury such as cystatin C.%

REFERENCES

1. Fonarow GC. The Acute Decompensated Heart Failure National
Registry (ADHERE): opportunities to improve care of patients
hospitalized with acute decompensated heart failure. Rev Cardio-
vasc Med. 2003:4 Suppl 7:521-30.




Refractory heart failure and ascites

521

10.

12.

13.

14.

15.

13-

19.

20.

21.

22.

23.

24,

26.

DiBona GF, Sawin LL. Role of renal nerves in sodium retention
of cirrhosis and congestive heart failure. Am J Physiol. 1991:260:
R298-305.

K/DOQI clinical practice guidelines on hypertension and antihy-
pertensive agents in chronic kidney disease. Am J Kidney Dis.
2004,43 Suppl 1:51-290.

Nieminen MS, Bohm M, Cowie MR, et al. Executive summary of
the guidelines on the diagnosis and treatment of acute heart
failure: the Task Force on Acute Heart Failure of the European
Society of Cardiology. Eur Heart J. 2005;26:384-416.

Riegger AJ. Neuroendocrine excitation in heart failure. Br
Heart J. 1994;72 Suppl:528-30.

de Felippe J Jr, Timoner J, Velasco IT, Lopes OU, Rocha-e-Silva
M Ir. Treatment of refractory hypovolaemic shock by 7.5%
sodium chloride injections. Lancet. 1980;2:1002-4.

Kreimeier U, Brueckner UB, Schmidt J, Messmer K. Instanta-
neous restoration of regional organ blood flow after severe hem-
orrhage: effect of small-volume resuscitation with hypertonic-
hyperoncotic solutions. J Surg Res. 1990;49:493-503.

Monteiro Pacheco A Jr, Martins Coimbra RS, Kreimeier U, Frey
L, Messmer K. Hypertonic volume therapy: feasibility in the
prevention and treatment of multiple organ failure and sepsis. Sao
Paulo Med J. 1995;113:1053-60.

Ronco C, McCullough P, Anker SD, et al. Cardio-renal syn-
dromes: report from the consensus conference of the acute dial-
ysis quality initiative. Eur Heart J. 2010;31:703-11.

Dar O, Cowie MR. Acute heart failure in the intensive care unit:
epidemiology. Crit Care Med. 2008;36 Suppl:S3-8.

. Schrier RW. Cardiorenal versus renocardiac syndrome: is there a

difference? Nat Clin Pract Nephrol. 2007;3:637.

Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Car-
diorenal syndrome. J Am Coll Cardiol. 2008;52:1527-39.

Liang KV, Williams AW, Greene EL, Redfield MM. Acute de-
compensated heart failure and the cardiorenal syndrome. Crit
Care Med. 2008;36 Suppl:S75-88.

Ronco C, House AA, Haapio M. Cardiorenal syndrome: refining
the definition of a complex symbiosis gone wrong. Intensive Care
Med. 2008;34:957-62.

Berl T, Henrich W. Kidney-heart interactions: epidemiology, patho-
genesis, and treatment. Clin J Am Soc Nephrol. 2006;1:8-18.

Jose P, Skali H, Anavekar N, et al. Increase in creatinine and
cardiovascular risk in patients with systolic dysfunction after
myocardial infarction. ] Am Soc Nephrol. 2006;17:2886-91.
Cody RJ, Ljungman S, Covit AB, et al. Regulation of glomerular
filtration rate in chronic congestive heart failure patients. Kidney
Int. 1988;34:361-7.

. Stevenson LW, Brunken RC, Belil D, et al. Afterload reduction

with vasodilators and diuretics decreases mitral regurgitation dur-
ing upright exercise in advanced heart failure. J Am Coll Cardiol.
1990;15:174-80.

Heart Failure Society of America. HFSA 2006 Comprehensive
Heart Failure Practice Guideline. J Card Fail. 2006;12:el-2.
Brater DC. Resistance to loop diuretics. Why it happens and what
to do about it. Drugs. 1985;30:427-43.

Brater DC. Diuretic resistance: mechanisms and therapeutic strat-
egies. Cardiology. 1994;84 Suppl 2:57-67.

Kaissling B, Stanton BA. Adaptation of distal tubule and collect-
ing duct to increased sodium delivery. I. Ultrastructure. Am J
Physiol. 1988;255:F1256-68.

Vagquero J, Chung C, Cahill ME, Blei AT. Pathogenesis of hepatic
encephalopathy in acute liver failure. Semin Liver Dis. 2003;23:
259-69.

Epstein M, Lepp BA, Hoffman DS. Potentiation of furosemide by
metolazone in refractory edema. Cur Ther Res. 1977:21:656-67.

. lkram H, Chan W, Espiner EA, Nicholls MG. Haemodynamic and

hormone responses to acute and chronic frusemide therapy in
congestive heart failure. Clin Sci (Lond). 1980:59:443-9.

Cody RJ. Management of refractory congestive heart failure.
Am J Cardiol. 1992;69:141G-9G.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

43.

46.

47.

Cody RJ. Diuretics in the management of congestive heart failure.
Cardiologia. 1998;43:25-34.

Dormans TP, van Meyel JJ, Gerlag PG, et al. Diuretic efficacy of
high dose furosemide in severe heart failure: bolus injection
versus continuous infusion. I Am Coll Cardiol. 1996;28:376-82.
Ellison DH. The physiologic basis of diuretic synergism: its role
in treating diuretic resistance. Ann Intern Med. 1991;114:886-94.
Paterna S, Parrinello G, Amato P, et al. Tolerability and efficacy of
high-dose furosemide and small-volume hypertonic saline solution in
refractory congestive heart failure. Adv Ther. 1999;16:219-28.
Paterna S, Di Pasquale P, Parrinello G, et al. Effects of high-dose
furosemide and small-volume hypertonic saline solution infusion in
comparison with a high dose of furosemide as a bolus, in refractory
congestive heart failure. Eur J Heart Fail. 2000;2:305-13.

Licata G, Di Pasquale P, Parrinello G, et al. Effects of high-dose
furosemide and small-volume hypertonic saline solution infusion
in comparison with a high dose of furosemide as bolus in refrac-
tory congestive heart failure: long-term effects. Am Heart J.
2003;145:459-66.

Schulz H, Langvik TA, Lund Sagen E, et al. Radioimmunoassay
for N-terminal probrain natriuretic peptide in human plasma.
Scand J Clin Lab Invest. 2001;61:33-42.

Goetze JP, Kastrup J, Pedersen F, Rehfeld JF. Quantification of
pro-B-type natriuretic peptide and its products in human plasma
by use of an analysis independent of precursor processing. Clin
Chem. 2002;48:1035-42.

Paterna S, Di Pasquale P, Parrinello G, et al. Changes in brain
natriuretic peptide levels and bioelectrical impedance measure-
ments after treatment with high-dose furosemide and hypertonic
saline solution versus high-dose furosemide alone in refractory
congestive heart failure: a double-blind study. J Am Coll Cardiol.
2005:45:1997-2003.

Tuttolomondo A, Pinto A, Di Raimondo D, et al. Changes in
natriuretic peptide and cytokine plasma levels in patients with
heart failure, after treatment with high dose of furosemide plus
hypertonic saline solution (HSS) and after a saline loading. Nutr
Metab Cardiovasc Dis. 2011;21:372-9.

Arroyo V, Gines A, Salo J. A European survey on the treatment
of ascites in cirrhosis. J Hepatol. 1994:21:667-72.

Panos MZ, Moore K, Vlavianos P, et al. Single, total paracentesis
for tense ascites: sequential hemodynamic changes and right atrial
size. Hepatology. 1990;11:662-7.

Pozzi M, Osculati G, Boari G, et al. Time course of circulatory and
humoral effects of rapid total paracentesis in cirrhotic patients with
tense, refractory ascites. Gastroenterology. 1994;106:709-19.
Moore KP, Wong F, Gines P, et al. The management of ascites in
cirrhosis: report on the consensus conference of the International
Ascites Club, Hepatology. 2003;38:258-66.

Arroyo V, Gines P, Gerbes AL, et al. Definition and diagnostic
criteria of refractory ascites and hepatorenal syndrome in cirrho-
sis. International Ascites Club. Hepatology. 1996;23:164-76.
Fernandez-Esparrach G, Guevara M, Sort P, et al. Diuretic re-
quirements after therapeutic paracentesis in non-azotemic patients
with cirrhosis. A randomized double-blind trial of spironolactone
versus placebo. J Hepatol. 1997;26:614-20.

Bernardi M. Optimum use of diuretics in managing ascites in
patients with cirrhosis. Gut. 2010;59:10-1.

. Perez-Ayuso RM, Arroyo V, Planas R, et al. Randomized com-

parative study of efficacy of furosemide versus spironolactone in
nonazotemic cirrhosis with ascites. Relationship between the di-
uretic response and the activity of the renin-aldosterone system.
Gastroenterology. 1983:84:961-8.

. Salerno F, Gerbes A, Gines P, Wong F, Arroyo V. Diagnosis,

prevention and treatment of hepatorenal syndrome in cirrhosis.
Gut. 2007;56:1310-38.

Fogel MR, Sawhney VK, Neal EA, et al. Diuresis in the ascitic
patient: a randomized controlled trial of three regimens. J Clin
Gastroenterol. 1981:3 Suppl 1:73-80.

Santos J, Planas R, Pardo A, et al. Spironolactone alone or in



522

A. Tuttolomondo et al

48.

49,

50.

51.

52.

53.

54.

35.

56.

3.

combination with furosemide in the treatment of moderate ascites
in nonazotemic cirrhosis. A randomized comparative study of
efficacy and safety. J Hepatol. 2003;39:187-92.

Angeli P, Fasolato 8, Mazza E, et al. Combined versus sequential
diuretic treatment of ascites in non-azotaemic patients with cir-
rhosis: results of an open randomised clinical trial. Gut. 2010;59:
98-104.

Task Force of the Working Group on Heart Failure of the Euro-
pean Society of Cardiology. The treatment of heart failure. Eur
Heart J. 1997;18:736-53.

Arroyo V, Rodes J. A rational approach to the treatment of
ascites. Postgrad Med J. 1975;51:558-62.

Spahr L, Villeneuve JP, Tran HK, Pomier-Layrargues G. Furo-
semide-induced natriuresis as a test to identify cirrhotic patients
with refractory ascites. Hepatology. 2001;33:28-31.

Quintero E, Gines P, Arroyo V, et al. Paracentesis versus diuretics in
the treatment of cirrhotics with tense ascites. Lancet. 1985;1:611-2.
Villeneuve JP, Verbeeck RK, Wilkinson GR, Branch RA. Furo-
semide kinetics and dynamics in patients with cirrhosis. Clin
Pharmacol Ther. 1986:40:14-20.

Pinzani M, Daskalopoulos G, Laffi G, Gentilini P, Zipser RD.
Altered furosemide pharmacokinetics in chronic alcoholic liver
disease with ascites contributes to diuretic resistance. Gastroen-
terology. 1987;92:294-8,

Licata G, Tuttolomondo A, Licata A, et al. Clinical trial: high-
dose furosemide plus small-volume hypertonic saline solutions
vs. repeated paracentesis as treatment of refractory ascites. Ali-
ment Pharmacol Ther. 2009;30:227-35.

Sanyal AJ, Genning C, Reddy KR, et al. The North American
Study for the Treatment of Refractory Ascites. Gastroenterology.
2003;124:634-41.

Lenaerts A, Codden T, Henry JP, et al. [Biological factors influ-
encing response to diuretics in patients with cirrhosis and ascites].
Gastroenterol Clin Biol. 2001;25:268-72.

58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

Swezey SE, Meffin PI, Blaschke TF. Measurement of furosemide
by high-performance liquid chromatography. J Chromatogr.
1979;174:469-73.

Kramer BK, Schweda F, Riegger GA. Diuretic treatment and
diuretic resistance in heart failure. Am J Med. 1999:106:
50-6.

Maningas PA, Mattox KL, Pepe PE, et al. Hypertonic saline-
dextran solutions for the prehospital management of traumatic
hypotension. Am J Surg. 1989;157:528-4.

Mazzoni MC, Borgstrom P, Arfors KE, Intaglietta M. Dynamic
fluid redistribution in hyperosmotic resuscitation of hypovolemic
hemorrhage. Am J Physiol. 1988;255:H629-37.

Vasko MR, Cartwright DB, Knochel JP, Nixon JV, Brater DC,
Furosemide absorption altered in decompensated congestive heart
failure. Ann Intern Med. 1985;102:314-8.

Pickkers P, Dormans TP, Russel FG, et al. Direct vascular effects
of furosemide in humans. Circulation. 1997;96:1847-52.
Hollenberg NK. Control of renal perfusion and function in con-
gestive heart failure. Am J Cardiol. 1988:62:72E-5E.

Christ F, Niklas M, Kreimeier U, et al. Hyperosmotic-hyperon-
cotic solutions during abdominal aortic aneurysm (AAA) resec-
tion. Acta Anaesthesiol Scand. 1997;41:62-70.

Oliveira RP, Weingartner R, Ribas EO, Moraes RS, Friedman G.
Acute haemodynamic effects of a hypertonic saline/dextran solu-
tion in stable patients with severe sepsis. Intensive Care Med.
2002;28:1574-81.

Kreimeier U, Frey L, Dentz J, Herbel T, Messmer K. Hypertonic
saline dextran resuscitation during the initial phase of acute en-
dotoxemia: effect on regional blood flow. Crit Care Med. 1991;
19:801-9.

Lassus JP, Nieminen MS, Peuhkurinen K, et al. Markers of renal
function and acute kidney injury in acute heart failure: definitions
and impact on outcomes of the cardiorenal syndrome. Eur Heart J.
2010;31:2791-8.




