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urrent pathophysiological models of congestive heart failure unsatisfactorily explain the detrimental link between
congestion and cardiorenal function. Abdominal congestion (i.e., splanchnic venous and interstitial congestion)
manifests in a substantial number of patients with advanced congestive heart failure, yet is poorly defined.
Compromised capacitance function of the splanchnic vasculature and deficient abdominal lymph flow resulting in
interstitial edema might both be implied in the occurrence of increased cardiac filling pressures and renal
dysfunction. Indeed, increased intra-abdominal pressure, as an extreme marker of abdominal congestion, is
correlated with renal dysfunction in advanced congestive heart failure. Intriguing findings provide preliminary
evidence that alterations in the liver and spleen contribute to systemic congestion in heart failure. Finally, gut-
derived hormones might influence sodium homeostasis, whereas entrance of bowel toxins into the circulatory
system, as a result of impaired intestinal barrier function secondary to congestion, might further depress cardiac as
well as renal function. Those toxins are mainly produced by micro-organisms in the gut lumen, with presumably
important alterations in advanced heart failure, especially when renal function is depressed. Therefore, in this state-
of-the-art review, we explore the crosstalk between the abdomen, heart, and kidneys in congestive heart failure. This
might offer new diagnostic opportunities as well as treatment strategies to achieve decongestion in heart failure,
especially when abdominal congestion is present. Among those currently under investigation are paracentesis,
ultrafiltration, peritoneal dialysis, oral sodium binders, vasodilator therapy, renal sympathetic denervation and
agents targeting the gut microbiota. (J Am Coll Cardiol 2013;62:485–95) ª 2013 by the American College of
Cardiology Foundation
The pathophysiology of advanced congestive heart failure
(CHF) is complex and insufficiently elucidated. Historically,
poor forward flow (i.e., low cardiac output), resulting in
unrestrained neurohumoral up-regulation, has been con-
sidered the main culprit mechanism (1). However, growing
evidence has emphasized the concurrent importance of
backward failure (i.e., systemic congestion) in both in the
pathophysiology and disease progression of CHF (2).
Coexisting renal dysfunction often complicates the treat-
ment of CHF and occurs more frequently in patients with
increased cardiac filling pressures (3–8). Nevertheless,
current pathophysiological models unsatisfactorily explain
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the detrimental link between congestion and cardiorenal
function.

The abdominal compartment might contribute signifi-
cantly to deranged cardiac as well as renal function in CHF.
Abdominal symptoms of congestion are not uncommon in
CHF, with constrictive pericarditis and restrictive cardio-
myopathies being extreme examples in which splanchnic
venous hypertension and the formation of ascites often
occur. However, more subtle changes are generally over-
looked and seldom recognized as potential drivers of disease
progression. This review explores potential maladaptive
derangements in the abdominal compartment that might
affect cardiorenal efficiency in CHF. Further, emerging
treatment strategies and potential new therapeutic targets,
with a focus on the abdominal compartment, are discussed.
A summary of the available evidence regarding this topic is
provided in Table 1.

Components and Function of the
Abdominal Compartment

The splanchnic vasculature: capacitance function and
cardiac pre-load. Three splanchnic arteries (the celiac trunk
and superior and inferior mesenteric arteries) supply all
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abdominal organs with blood.
Individual organ perfusion largely
depends on pre-capillary arteri-
olar vascular tone. In contrast,
post-capillary venules and veins
all converge in the hepatic portal
vein, which returns the blood to
the effective circulatory volume
after passage through the liver. In
normal circumstances, splanchnic
capacitance veins contain 25% of
the total blood volume (9). As
they pool and release blood in the
face of a changing volume status, those veins play a crucial
role in maintaining an optimal cardiac pre-load (10). Indeed,
as much as 65% of blood volume added to an euvolemic
circulatory system is buffered in the splanchnic vasculature
without systemic hemodynamic effects (11). Under physio-
logical circumstances, the transmural splanchnic venous
pressure mimics changes in arterial blood flow (12). This
means that if arterial flow decreases, elastic recoil of the
veins mitigates the resulting decrease in pressure, and a
driving force for expulsion into the systemic circulation
is maintained (Fig. 1). Importantly, although splanchnic
arterioles contain both a- and b2-receptors that mediate
vasoconstriction and vasodilation, respectively, the latter are
not abundant in capacitance veins (13). Therefore, sympa-
thetic stimulation through epinephrine and/or norepineph-
rine invariably causes venoconstriction, thereby reducing
splanchnic capacitance and recruiting effective circulatory
volume (10).

In CHF, because of backward failure and increased arte-
riolar vasoconstriction, a progressive shift of blood from the
effective circulatory volume to splanchnic capacitance veins
might be expected. Although this remains speculative, one
could argue that splanchnic capacitance function ultimately
becomes maladaptive in advanced CHF as a result of long-
standing venous congestion and/or increased neurohumoral
activation (14). Indeed, cardiac filling pressures generally
start to increase w5 days preceding an admission for acute
decompensated heart failure (ADHF) (15,16). Although this
can reflect a state of effective venous congestion as a result of
the gradual build-up of volume, an equal proportion of
patients gain <1 kg of weight during the week before
admission (17). This suggests that transient venoconstriction,
presumably because of increased sympathetic stimulation
with redistribution of blood from (splanchnic) venous
capacitance beds to the effective circulatory volume, is an
alternative cause of increased cardiac filling pressures.
Obviously, the relationship between intravascular pressure
and volume is highly dynamic instead of simply linear, but
the need for increased splanchnic congestion is a prerequisite
before cardiac filling pressures start to increase.
The splanchnicmicrocirculation: lymphflowand interstitial
edema. With few exceptions, Starling forces in
the microcirculation favor continuous net filtration (18).
Therefore, especially in the case of congestion with increased
capillary hydrostatic pressure and resulting hyperfiltration,
adequate lymph flow is key to preserve fluid homeostasis
(Fig. 2, left). Physiologically, the interstitium exhibits low
compliance, thereby driving excess fluid straight into the
lymphatic system (19). Moreover, hydration of mucopoly-
saccharides in the interstitial matrix increases the hydraulic
conductivity of the interstitium and expands the distribution
volume of interstitial proteins, keeping their concentration low
(20). As a result, hyperfiltration is met with increased lymph
efflux. Importantly, because of solvent drag, lymph flow
washes out interstitial proteins, which decreases interstitial
colloid osmotic pressure and opposes increased filtration forces
(18,21). Thus, a bidirectional interaction between net filtra-
tion rate and Starling forces is present.

However, once lymph efflux reaches a maximum rate, this
delicate balance will change (Fig. 2, right). If the interstitial
fluid with filtrated solutes is inadequately drained, protein-
rich edema will form, expanding the interstitial compart-
ment significantly (22). The interstitium now enters a high
compliance state, which facilitates further edema accumu-
lation (19).
Cardio-Abdominal-Renal Interactions in
Congestive Heart Failure

Increased intra-abdominal pressure as amarkerof abdominal
congestion. In advanced CHF, inefficient natriuresis with
progressive volume overload may ultimately lead to a state of
systemic congestion with increased intra-abdominal pressure
(IAP) if capacitance function of the splanchnic vasculature is
insufficient and the splanchnic microcirculation unable to
cope with congestion. IAP can easily be measured through
a bladder catheter connected to a pressure transducer (23).
Depending on body mass index and body position, normal
IAP measurements in healthy adults are between 5 and 7
mm Hg (24). However, in 60% of patients admitted with
advanced CHF, IAP exceeds this value (23). Remarkably,
frank ascites is found in only a small subset of these patients,
suggesting the presence of splanchnic venous and/or inter-
stitial congestion as the reason for increased IAP. In criti-
cally ill patients, intra-abdominal hypertension (IAP �12
mm Hg) is a common cause of organ dysfunction (25). In
advanced CHF, already small increases in IAP, in the range
of 8 to 12 mm Hg, are associated with impaired renal
function (23). Importantly, reversing increased IAP
by decongestive therapy ameliorates serum creatinine in
this setting, presumably by alleviating abdominal congestion
(23,26).
The liver in CHF. Hepatorenal syndrome is a well-known
complication of chronic liver disease caused by overzealous
vasodilation of the splanchnic circulation, resulting in arterial
underfilling and intense renal vasoconstriction (27). Liver
dysfunction is frequent in CHF, related to backward failure
and characterized by a predominantly cholestatic enzyme
profile associated with disease severity and prognosis (28,29).



Table 1 Review of the Literature on Abdominal Alterations Underlying Cardiorenal Dysfunction in Congestive Heart Failure

First Author, Year (Ref. #) Study Design Main Findings

Studies linking (abdominal)
congestion to worsening
renal function

Mullens et al., 2008 (23) Prospective observational study
of 40 patients with advanced heart failure

Elevated intra-abdominal pressure is frequent
in advanced heart failure and related to renal dysfunction

Mullens et al., 2008 (26) Prospective observational study
of 9 patients with advanced heart failure

Paracentesis- or ultrafiltration-related decreases
of intra-abdominal pressure are correlated with improved
renal function

Nohria et al., 2008 (3) Prospective randomized study
of 433 patients with hemodynamic-guided
therapy vs. clinical assessment alone

Correlation between right atrial pressure and serum creatinine

Damman et al., 2009 (4) Retrospective data review of 2,557 patients
with right heart catheterization

Central venous pressure >6 mm Hg associated
with steep decrease in renal function

Mullens et al., 2009 (5) Prospective observational study of 145 patients
with advanced heart failure

Worsening renal function showed a strong correlation
with central venous pressure, and was independent of
cardiac index

Testani et al., 2010 (6) Retrospective review of 141 heart failure patients
with congestion assessed by echocardiography

Right ventricular failure leads to venous congestion and the
relief of congestion likely drives improvement in renal function

Verhaert et al., 2010 (7) Prospective observational study of 62 patients
with advanced heart failure

Patients with right ventricular dysfunction that improves after
decongestive treatment have a better outcome

Guglin et al., 2011 (8) Retrospective data review of 178 patients
with right heart catheterization

Renal dysfunction relates to high cardiac filling pressures
and lower renal perfusion pressure

Studies suggesting volume
redistribution as a cause
for elevated cardiac filling
pressure

Adamson et al., 2003 (15) Prospective, observational study of
32 heart failure patients with an
implantable hemodynamic monitor

Right-sided cardiac filling pressures start to increase w5 days
preceding an admission for acute decompensated heart failure

Chaudhry et al., 2007 (17) Nested case-control study of 134
heart failure patients followed by telemonitoring

Only 46% of patients presenting with acute
decompensated heart failure gain >2 lb in weight

Zile et al., 2008 (16) Substudy of COMPASS-HF study (N ¼ 274) The transition from chronic to acute decompensated
heart failure is associated with a progressive increase
in cardiac filling pressures

Studies on cardiohepatic
interactions in heart failure

Ahloulay et al., 1996 (33) Animal study (rats) Hepatorenal pathway through extracellular cyclic
adenosine monophosphate influences natriuresis in the
presence of ascites

Ming et al., 2002 (30) Animal study (rats) Decreased portal blood flow triggers sodium and water retention

Poelzl et al., 2012 (28) Prospective observational
study of 1,032 heart failure patients

Liver dysfunction is frequent in patients with
congestive heart failure and prognostically important

Poelzl et al., 2013 (29) Prospective observational study of 1,290
heart failure patients, including
invasive hemodynamics in 253 patients

Renal and liver dysfunction are independent negative
predictors of worse outcome in heart failure and related to
congestion rather than impaired cardiac output

Studies on cardiosplenic
interactions in heart failure

Sultanian et al., 2001 (39) Animal study (rats) Atrial natriuretic factor increases splenic microvascular
pressure and fluid extravasation

Hamza et al., 2004 (42) Animal study (rats) Decreased splenic blood flow triggers sodium and water retention

Studies on gut-derived
hormones in heart failure

Carrithers et al., 2000 (45) Case-control study with 16 heart failure
patients and 53 healthy individuals

Heart failure patients have an increased uroguanylin excretion,
which has natriuretic properties and is produced by the gut

Narayan et al., 2010 (46) Case-control study with 243 heart failure
patients and 53 healthy individuals

Prouroguanylin and proguanylin levels are increased in patients
with heart failure, especially in severe heart failure with
concomitant renal dysfunction

Studies on impaired intestinal
barrier function in heart failure

Sandek et al., 2007 (50) Prospective observation study of
22 patients with heart failure

Intestinal morphology, permeability, and absorption
are altered in heart failure

Arutyunov et al., 2008 (51) Case-control study with 45 heart
failure patients and 18 healthy individuals

Patients with heart failure demonstrate collagen accumulation
and dysfunctional mucosal barrier of the small intestine
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Figure 1 The Splanchnic Vasculature: Capacitance Function and Cardiac Pre-load

Splanchnic capacitanceveins ensurea stable cardiac pre-load in the face of a changing volumestatus. First, if arteriolar perfusiondrops, elastic recoil of the veinsmaintainsa driving

force for venous return. Second, sympathetic stimulation because of centrally perceived hypovolemia leads to a-mediated vasoconstriction of splanchnic capacitance veins, but b2-
mediated vasodilation of the hepatic veins. Consequently, autotransfusion from the splanchnic capacitance veins occur to increase the effective circulatory volume.
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As advanced liver dysfunction negatively affects cardiorenal
function, a vicious cycle might be created. In addition, it is
notable that the portal vein contains a-adrenergic receptors
but not b2-receptors, whereas the latter are abundant in
hepatic veins (13). As a result, sympathetic stimulation
might be expected to decrease post-hepatic vascular resis-
tance and shift blood to augment cardiac pre-load, which
could be harmful in ADHF (Fig. 1). Moreover, data from
animal studies show that decreased intrahepatic blood flow,
as caused by a-adrenergic–mediated portal vasoconstriction,
leads to accumulation of intrahepatic adenosine, which is
produced by the metabolism of hepatocytes and leaves the
liver through the lymphatic and venous systems (Fig. 3).
Increasing local adenosine stimulates hepatic afferent nerve
activity in rats, triggering a hepatorenal reflex as hepatic
afferent nerves synapse on renal efferent nerves (30). This
results in renal vasoconstriction, whereas sodium retention is
promoted. Finally, some intriguing animal data from a rat
model of ascites link cyclic adenosine monophosphate
(cAMP) production by the liver to renal sodium homeostasis
(31). cAMP, widely known as a second messenger, also acts
as a distant messenger produced by the liver and regulating
sodium reabsorption in the proximal renal tubules. Indeed,
extracellular cAMP produced by hepatocytes in response to
glucagon increases natriuresis and phosphate excretion in
a dose-dependent manner in humans (32). Remarkably, this
response is blunted in rats that have cirrhosis with ascites,
possibly because of liver dysfunction (33). Therefore, liver
congestion in CHF might directly contribute to a state of
impaired natriuresis.
The spleen in CHF. The spleen, which constitutes an
integral part of the splanchnic vasculature, receives w5% of
the cardiac output, making it a perfectly placed organ to
regulate intravascular volume (34,35). The splenic vein joins
the superior mesenteric vein to form the hepatic portal vein,
allowing splenic hemodynamics to modulate splanchnic
congestion. It has been shown that after volume expansion,
fluid is accumulating in the gel-like lymphatic matrix within
connective tissues surrounding the splenic vascular arcade
(36). Importantly, fluid from this splenic lymphatic reservoir
has the same protein content as splenic venous blood, which
suggests that splenic capillaries are freely permeable to
plasma proteins (36). Thus, intrasplenic extravasation of
iso-oncotic fluid is directly dependent on intraluminal
hydrostatic pressure and consequently related to congestion
in the splanchnic vasculature (Fig. 4). Interestingly, atrial



Figure 2 The Splanchnic Microcirculation: Lymph Flow and Interstitial Edema

Net filtration rate in the splanchnic microcirculation is determined by Starling forces: (PC � PIF) � (pC � pIF). PC ¼ capillary hydrostatic pressure; PIF ¼ interstitial fluid hydrostatic

pressure; pC ¼ capillary oncotic pressure; pIF ¼ interstitial fluid oncotic pressure. (Left, compensated state): PC (35 to 45 mm Hg arteriolar to 12 to 15 mm Hg venular), PIF (�2

mm Hg) and pIF (16 mm Hg) all favor filtration (green arrows), whereas pC (25 to 28 mm Hg) opposes filtration (red arrows). Therefore, net filtration prevails over the entire

length of the splanchnic capillary with net filtration pressure decreasing from 32 mm Hg (arteriolar side) to 4 mm Hg (venular side). In case of congestion with increased PC, net

filtration pressure is even higher. Therefore, abdominal lymph flow (QL) is important to drain fluid and solutes. Normally, the interstitium exhibits low compliance. Thus, excess

filtrated fluid is drained straight into lymphatic capillaries, allowing only a limited build-up of interstitial fluid volume (VIF). Consequently, QL can increase as much as 20 times its

normal value (22). Importantly, increased QL washes out interstitial proteins, which decreases pIF, opposing filtration. In this state of compensated splanchnic congestion,

increased net filtration because of increased PC is met by enhanced QL, thereby preventing the accumulation of interstitial fluid. (Right, interstitial edema): Once a critical flow is

reached, QL cannot increase further. In addition, from a PIF of w2 mm Hg, the interstitium enters a high compliance state (19). Both lead to VIF expansion. As lymph flow is now

deficient in washing out interstitial proteins, protein-rich edema arises and compresses lymphatics, impeding lymph flow and promoting edema formation even further.
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natriuretic peptide (ANP) infusions in rats cause hemo-
concentration and a reduction in plasma volume that is not
entirely explained by urinary losses alone (37). This obser-
vation, however, is virtually abolished in animals previously
splenectomized (38). The reason for this phenomenon is
that ANP alters splenic hemodynamics (i.e., increases
intrasplenic pressure) by specific and direct actions on the
splenic microvasculature (39). Although evidence is only
preliminary, this might have important pathophysiological
implications in CHF (Fig. 4). One could speculate that,
initially, increased fluid efflux through the spleen into the
lymphatic vasculature might help to reduce splanchnic
congestion. However, in a more advanced state, especially
when high ANP is present, a paradoxical reduction in
effective arterial blood volume might develop, as continuous
fluid efflux out of the intravascular space might exacerbate
perceived central hypovolemia. At the same time, as splanchnic
congestion worsens, intrasplenic microvascular pressure re-
mains increased and fluid efflux out of the spleen continues
in a vicious cycle, overloading the lymphatic system and
leading to an accumulation of excess fluid in the perivascular
third spaces. Indeed, CHF is the fourth most common cause
of splenomegaly after hepatic disease, hematological disor-
ders, and infection (40,41). Moreover, in this context, a
splenorenal reflex, similar to the hepatorenal reflex, has been
demonstrated (42).
Gut-derived hormones in CHF. Further supporting a role
of the abdominal compartment in renal sodium handling and
volumehomeostasis are the peptides uroguanylin and guanylin.
Both are involved in the regulation of water and electrolyte



Figure 3 The Liver in Congestive Heart Failure: Hepatorenal Reflex

Hepatocytes continuously produce adenosine as a byproduct from the breakdown of adenosine triphosphate. Adenosine accumulates in the perisinusoidal space, which is

drained by the lymphatic system. When portal blood flow is reduced because of a-receptor–mediated vasoconstriction, lymph flow will decrease and intrahepatic concentrations

of adenosine increase. As a result, hepatic afferent nerves are stimulated, which subsequently synapse on renal efferent nerves. Consequently, renal vasoconstriction and

sodium retention are promoted.

Verbrugge et al. JACC Vol. 62, No. 6, 2013
Abdominal Contributions in Heart Failure August 6, 2013:485–95

490
transport in the gut and share natriuretic properties mediated
by a cyclic guanosine monophosphate–dependent mechanism
(43). Their role in regulating the sodium balance via an
intestinal-renal pathway has been demonstrated, as it is
observed that an oral sodium intake evokes more rapid natri-
uresis than an equivalent intravenous load (44). Urinary
excretion of uroguanylin is increased in patients with CHF,
whereas increased plasma levels of the precursor proteins pro-
guanylin and prouroguanylin are correlated with the severity of
CHF symptoms assessed by New York Heart Association
functional class (45,46).Thus, analogous to the congestedheart
producing ANP and B-type natriuretic peptide, there seems to
be an intestinal natriuretic peptide that is increased in patients
with CHF who presumably have abdominal congestion. Yet,
the exact pathophysiological role of uroguanylin and guanylin
in CHF remains to be determined.
The gut in CHF: the intestinal barrier function, gut
microbiota, and uremic toxicity. Arterioles, capillaries, and
venules have a peculiar organization in the intestinal
microcirculation, forming a countercurrent system that
strongly resembles the vasa recta of the renal medulla
(Fig. 5A) (47). As a result, the intestinal villus can build
up an interstitial concentration gradient with the highest
osmolality at its tip, which is needed for continuous fluid
absorption. However, a drawback of this system is that
arteriolar oxygen short circuits to venules before reaching the
villus tip, making this place particularly susceptible to anoxic
damage (47). Because of low perfusion (i.e., low cardiac
output), congestion (i.e., increased central venous pressure),
and increased sympathetic vasoconstriction, CHF patients
are at risk of nonocclusive bowel ischemia (Fig. 5B) (48).
Importantly, the combination of hypoxia and local produc-
tion of lipopolysaccharides by gram-negative bacteria residing
in the gut lumen causes an increase in the paracellular
permeability of the intestinal wall (49). Indeed, it has been
shown that the intestinal morphology, permeability, and
function are substantially altered in CHF, especially in
advanced states with cardiac cachexia (50,51). Moreover,



Figure 4 The Spleen in Congestive Heart Failure: A Regulator of Intravascular Volume

Splenic sinusoids are freely permeable to plasma proteins. As a result, the colloid osmotic pressure inside the splenic sinusoids is the same as in the surrounding lymphatic

matrix, and fluid transport between the 2 spaces is determined by differences in hydrostatic pressure. Transient congestion of the splanchnic venous system results in an

increased hydrostatic pressure inside the splenic sinusoids. Therefore, more fluid is drained to the lymphatic matrix and buffered inside the lymphatic reservoirs of the spleen.

However, especially in the presence of increased cardiac filling pressures and resulting atrial natriuretic peptide (ANP) production, splenic arterial vasodilation, and venous

vasoconstriction greatly enhance the fluid shift to the perivascular third space inside the spleen. This might lead to perceived central hypovolemia, exacerbating neurohumoral

stimulation and creating a vicious cycle. Moreover, the lymphatic system becomes overloaded, which results in interstitial edema. PLM ¼ lymphatic matrix hydrostatic pressure;

PSS ¼ splenic sinusoidal hydrostatic pressure; pLM ¼ lymphatic matrix colloid osmotic pressure; pSS ¼ splenic sinusoidal colloid osmotic pressure.
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concomitant uremia caused by renal dysfunction alters the
bacterial colonization of the gut and may also contribute
to increased intestinal permeability (52,53). It has been
demonstrated that microbiota are the cause of fermentation
processes in the gut, which produce protein-bound uremic
toxins that are ineffectively cleared from the circulation in
cases of renal dysfunction (54,55). Moreover, lipopolysac-
charide in the circulation triggers systemic inflammation
and cytokine generation (i.e., tumor necrosis factor-a,
interleukin-6), which results in depression of excitation-
contraction coupling, decreased peak velocity of cardio-
myocyte shortening, disturbed mitochondrial respiration, and
impaired substrate metabolism in cardiomyocytes (56–58).
New Diagnostic Opportunities

From a clinical point of view, it is obvious that despite
aggressive diuretic therapy and treatment with neurohumoral
blockers, a subset of patients present with persistent signs and
symptoms of congestion. Although the presence of frank
ascites clearly represents the most extreme side of a spectrum,
abdominal congestion remains difficult to evaluate at the
bedside. As explained, IAP is potentially a useful surrogate
marker for abdominal congestion and can easily be measured
via a bladder catheter connected to a pressure transducer (23).
Noninvasive alternatives for patients without a bladder
catheter have emerged in the field of laparoscopic surgery, but



Figure 5 The Gut in Congestive Heart Failure: The Intestinal Barrier Function

(A) The countercurrent system of the intestinal microcirculation makes extensive exchange possible between arterioles and venules. As a result, oxygen (O2) short circuits from

arterioles to venules, creating a gradient with the lowest partial O2 pressure at the villus tip. (B) In congestive heart failure, there is a low-flow state in the splanchnic

microcirculation because of low perfusion, increased venous stasis, and sympathetically mediated arteriolar vasoconstriction, which stimulates O2 exchange between arterioles

and venules, exaggerating the gradient between the villus base and tip. This causes nonocclusive ischemia, resulting in dysfunctional epithelial cells and loss of intestinal

barrier function. As a result, lipopolysaccharide or endotoxin, produced by gram-negative bacteria residing in the gut lumen, enter the circulatory system.
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are currently not sensitive enough to evaluate small changes in
the range described in CHF patients (59). Therefore, an
interesting alternative would be to visualize the microcircu-
lation directly. As such, new evolving techniques such as
orthogonal polarized spectral and side-stream dark field allow
assessment of alterations in the microcirculation of the patient
at the bedside (60). Moreover, a better evaluation of renal,
hepatic, and splenic hemodynamics might improve the
phenotyping of patients presenting with acute decom-
pensated heart failure. Noninvasive echocardiography
measurements or even measuring the portal “wedge” pressure
during right-sided heart catheterization might offer ample
new diagnostic opportunities (61–63). Obviously, better
insight into cardio-abdominal-renal interactions with regard
to different heart failure phenotypes (i.e., heart failure with
reduced versus preserved ejection fraction, left- versus right-
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sided heart failure) is needed and an area of future research.
Importantly, because congestion is a characteristic feature in
each of these conditions, abdominal contributions to patho-
physiology might be a major focus of interest.

New Treatment Strategies and Therapeutic Targets

Relieving abdominal congestion. In advanced CHF with
increased IAP and ascites, paracentesis might be useful to
correct fluid loss in the perivascular third spaces and to
improve renal function (26). In addition, it has been shown
that mechanical fluid removal through ultrafiltration removes
more sodium in the same amount of water compared with
diuretics (64). Therefore, ultrafiltration has the potential to
reduce interstitial edema more efficiently in CHF. However,
as was recently demonstrated in the CARRESS-HF (Car-
diorenal Rescue Study in Acute Decompensated Heart
Failure) study, the need for central venous access is associated
with potential complications, and a strategy with diuretics if
titrated to urinary output and including combination therapy,
is generally successful in achieving decongestion (65).
Therefore, we would recommend ultrafiltration only in the
case of clear systemic congestion refractory to combination
therapy with diuretics and with the ultrafiltration rate guided
by central hemodynamics to avoid intravascular volume
depletion. However, prognosis is often sobering in such cases
with high mortality, and often a need for continued renal
replacement therapy (66).

Continuous ambulatory peritoneal dialysis offers a
(physiological) therapeutic alternative in patients with CHF
and concomitant renal dysfunction. Recently, 2 studies re-
ported improvements in symptoms, physical performance,
quality of life, and biochemical profile after initiation of
peritoneal dialysis in a pooled cohort of 143 patients with
advanced CHF, impaired renal function, and persistent
congestion despite therapy with high-dose loop diuretics
(67,68). As peritoneal dialysis provides continuous slow
ultrafiltration, it has a minimal impact on hemodynamics
and consequently neurohumoral stimulation (69). In addi-
tion, sodium and potassium are effectively removed, po-
tentially allowing better up-titration of neurohumoral
blockers (69). Finally, although speculative, providing a
permanent outlet of the abdominal cavity might reduce IAP,
which has been demonstrated to improve renal function in
CHF (26,69). Nevertheless, current evidence from obser-
vational, small, single-center studies should be considered
hypothesis-generating, requiring confirmation by a random-
ized clinical trial.

Targeting maladaptive responses in the abdominal
compartment. SODIUM AVIDITY AND ORAL SODIUM BIND-

ERS. As already explained by the neurohumoral model,
impaired natriuresis is a typical finding in CHF (1).
Remarkably, early in the disease process, before emerging
symptoms or impaired central hemodynamics, sodium
avidity is present, which initially can be overcome with the
administration of exogenous natriuretic peptides (70).
However, in more advanced CHF, high concentrations of
natriuretic peptides might be insufficient to prevent systemic
congestion and could even contribute to perceived central
hypovolemia and fluid accumulation in perivascular third
spaces. Indeed, this explains the overall neutral results and
high incidence of hypotension with nesiritide (a synthetic
analog of human B-type natriuretic peptide) in the
ASCEND-HF (Acute Study of Clinical Effectiveness of
Nesiritide in Decompensated Heart Failure) study in
a population with advanced CHF admitted with ADHF
(71). Hypothetically, using natriuretic peptides earlier in the
disease process to counter sodium avidity might be more
physiologically reasonable.

Despite typical recommendations of salt restriction,
diuretics are usually needed to achieve a neutral sodium
balance in CHF. Although bias by indication almost certainly
plays a role, the correlation between a higher dose of loop
diuretics and adverse outcome in CHF remains a concern
(72). Oral sodium binders target sodium absorption in the gut
and are an emerging therapeutic strategy in CHF (73).
Because they prevent sodium and fluid accumulation without
influencing hemodynamics, they have the benefit of not
causing further maladaptive neurohumoral stimulation.

VASODILATOR THERAPY. Vasodilator therapy in addition to
neurohumoral blockers to recruit venous capacitance veins is
an appealing strategy to treat misdistribution of blood
volume. Venous vasodilation might temporarily improve the
buffer capacity of the splanchnic vasculature, whereas arte-
riolar vasodilation increases the effective circulatory volume
on which the kidneys exert their regulating function.
Moreover, left ventricular wall tension and afterload will be
reduced as well, which improves hemodynamics and organ
perfusion, especially when cardiac output is impaired
(74,75). Interestingly, targeting cardiac filling pressures
primarily by adding vasodilator therapy reduced admissions
for ADHF by >30% in the CHAMPION (CardioMEMS
Heart Sensor Allows Monitoring of Pressure to Improve
Outcomes in NYHA Class III Heart Failure Patients) trial,
with similar benefits in both patients with reduced and
preserved ejection fraction (76). Indeed, a lower dose of
diuretics is needed for the same amount of decongestion
when vasodilators are added (77). Specific data regarding the
role of vasodilators to improve renal function in patients
with cardiorenal syndrome are lacking, but low-dose dopa-
mine and nesiritide, both sharing renal vasodilator proper-
ties, are currently under investigation in the ROSE AHF
(Renal Optimization Strategies Evaluation in Acute Heart
Failure) trial (NCT01132846).

RENAL SYMPATHETIC DENERVATION. Unrestrained sympa-
thetic up-regulation is one of the many factors driving
sodium avidity in CHF (1). Moreover, because of the
abundance of a-receptors in the splanchnic vasculature, it
might cause venoconstriction, thereby increasing the effec-
tive circulatory volume (13). Furthermore, animal experi-
ments have demonstrated the existence of both a hepatorenal

http://www.clinicaltrials.gov/ct2/show/NCT01132846?term=NCT01132846&amp;rank=1
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and splenorenal reflex, mediated by renal efferent nerves and
causing renal vasoconstriction with consequently low renal
blood flow that might impair renal function (30,42). Finally,
sympathetic stimulation presumably contributes to non-
occlusive bowel ischemia through arteriolar vasoconstriction
in CHF. Because all these effects are mediated by a-
receptors and thus not targeted by b-blocker therapy, renal
sympathetic denervation might be an appealing strategy to
lower sympathetic drive in general and target both afferent
and efferent sympathetic nerves (78).
Altering gut microbiota and preserving the intestinal
barrier function. Although interesting from a pathophysio-
logical point of view, there really is a lack of knowledge about
how to exploit the symbiosis of the human body with gut
microbiota. Current CHF therapies like b-blockers and
angiotensin-converting enzyme inhibitors probably have
beneficial effects, whereas the value of probiotics, selective
bowel decontamination, endotoxin immunoadsorption, N-
acetylcysteine, and other immunomodulators have yet to be
elucidated (48). Rifaximin, a virtually unabsorbable antibiotic
with broad-spectrum activity against both gram-negative and
-positive, has recently shown some promising results in this
respect. In patients with decompensated liver cirrhosis
and ascites, it improved systemic hemodynamics and renal
function, presumably by inhibiting gut inflammation,
resulting in toxin entrance into the circulatory system (79).

Conclusions

Although patients frequently present with abdominal symp-
toms, especially when they have marked signs and symptoms
of congestion, the abdomen remains largely understudied in
CHF. Although not always easy to evaluate at the bedside,
cardio-abdominal-renal interactions most probably play an
important role in the development of persistent systemic
congestion despite adequately dosed diuretic therapy.
Better insight into these interactions by understanding the
capacitance function of splanchnic blood vessels, the
splanchnic organs, and the microcirculation might offer
a venue for new diagnostic and therapeutic strategies in CHF.
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