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Cardiorenal Syndrome: A Cardiologist’s Perspective

of Pathophysiology

Summary

The cardiorenal syndrome has recently been defined as “disorders of the heart and kidney whereby acute or
chronic dysfunction in one organ may induce acute or chronic dysfunction of the other.” The syndrome is ex-
tremely common and independently associated with poor clinical outcomes. However, no pharmacological
therapy has been shown to improve its outcomes. Unfortunately, the mechanisms that initiate the development of
renal dysfunction in heart failure are still debated. This review tries to clarify some of the misunderstanding
regarding the principle hemodynamic factors that drive the kidneys to retain salt and water.
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Introduction

Despite considerable advances in the clinical manage-
ment of patients with heart failure (HF) and improve-
ment in overall mortality, hospitalization rates remain
high, with enormous costs to the health care system (1).
HF accounts for 1%—2% of the total health care expen-
diture, and these costs are increasing (1). One of the
factors that contribute to worse outcomes in HF is the
presence or development of renal dysfunction during
management of HF (2). Over the last decade, there has
been a growing interest in the presence of renal dys-
function and CKD, often referred to as cardiorenal syn-
drome (CRS), as an important comorbidity in patients
with HF. However, there has been a lack of clarity on
how to define, classify, and indeed, manage CRS.

Definition and Classification of the CRSs

In 2008, a consensus conference under the auspices of
the Acute Dialysis Quality Initiative (ADQI) proposed
a definition and classification of CRS and discussed
management strategies (3). The group recommended a
simple generalized definition of CRS: “Disorders of the
heart and kidneys whereby acute or chronic dysfunc-
tion in one organ may induce acute or chronic dys-
function of the other,” and they suggested that the
syndrome be classified into five distinct types depend-
ing on whether heart or kidney was the initial organ of
insult (3). In types 1 and 2 CRS, worsening of HF in
acute (type 1) or chronic HF (type 2) leads to worsen-
ing kidney function. In types 3 and 4 (termed acute
and chronic renocardiac syndromes, respectively),
AKI or CKD leads to worsening HF. In type 5 CRS,
systemic conditions cause simultaneous dysfunction of
the heart and kidney. This review is limited to a dis-
cussion of types 1 (acute) and 2 (chronic) CRS.

Prevalence and Incidence of Types 1 and 2 CRS
CKD is very common in patients with HF. In the
Acute Decompensated Heart Failure National Regis-
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try (ADHERE), over 60% of patients admitted to US
hospitals with acute decompensated HF (ADHF) had
stage 3 (GFR<60 ml/min per 1.73 m?) or worse CKD
(4). Similar findings have been reported in several
other HF registries, surveys, and randomized trials
in patients with ADHF. Moreover, during the man-
agement of ADHF, a majority of patients develops
varying degrees of worsening renal function. In a
study of approximately 1000 patients admitted with
ADHEF, serum creatinine increased by more than 0.1
mg/dl in over 70% of patients and more than 0.5
mg/dl in up to 20% of patients within 3 days of hos-
pitalization (5). Most studies have used an increase in
serum creatinine of =0.3 mg/dl or a =25% increase in
serum creatinine from baseline to define acute or type 1
CRS. Using this definition, the prevalence of type 1
CRS is reported in the range of 27%-45% (6,7). The
prevalence of CKD (type 2 CRS) is seen in 32%-50%
of patients in the large chronic HF trials (8-12). Popu-
lation-based surveys in North America have also
found a similar prevalence of 38%-56% (13-15).
Interestingly, a large study of over 6000 patients admit-
ted to the Mayo clinic between 1987 and 2002 found a
remarkable increase in the severity of renal dysfunction
in patients admitted with ADHF (16). Because heart
disease and CKD frequently coexist, it is often difficult
to discriminate the primary from the secondary pro-
cess. In such circumstances, the ADQI consensus con-
ference recommended that these patients be classified
as having both types 2 and 4 CRS (8).

Predictors of CRS

Several factors are associated with the presence of
CKD in patients with chronic HF. In the Valsartan in
Heart Failure Trial, age, men, diabetes, ischemic etiol-
ogy of HF, low BPs, worse neurohormonal and proin-
flammatory profiles, presence of edema, and use of
higher doses of diuretics were independently associ-
ated with the presence of CKD (12). Interestingly, the
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variation of left ventricular (LV) ejection fraction was not
associated with the presence of CKD. Indeed, in the
CHARM trial (Candesartan in Heart Failure: Assessment
of Reduction in Mortality and Morbidity), the presence of
CKD was similar in patients with preserved (34%) and de-
pressed LV function (33%) (10). Several factors have also
been reported to independently predict the development
of worsening renal function (type 1 CRS) during the treat-
ment of ADHF. These factors include history of coronary
artery disease, hypertension, diabetes mellitus, and history
of prior HF. In addition, the presence of systolic hyperten-
sion, tachycardia, pulmonary edema, and use of high doses
of diuretics at admission were independently related to the
development of type 1 CRS (7,17-19).

Prognosis of CRS

Both types 1 and 2 CRS are independently associated with
increased mortality and morbidity in patients with ADHF
and chronic HF (4,9-11,13-15,20). In the ADHERE registry,
the in-hospital mortality increased from 1.9% for patients
with normal renal function to 7.6% for patients with severe
renal dysfunction (P<<0.001) (4). Although any increase in
serum creatinine during treatment of ADHF is associated
with worse prognosis, an increase in creatinine of >0.3
mg/dl was found to have the highest sensitivity and spec-
ificity for predicting in-hospital mortality and length of stay
(5). Similar findings have been observed by several other
studies (19). Therefore, both types 1 and 2 CRS are very
common conditions and their presence is associated with
worse short- and long-term adverse outcomes.

Pathogenesis of Renal Dysfunction in HF

Several mechanisms have been implicated in the path-
ogenesis of renal dysfunction and worsening renal function
in HF. The hemodynamic consequences of reduced cardiac
output (CO) with low renal perfusion and activation of the
sympathetic and renin-angiotensin-aldosterone system
(RAAS) probably play the most prominent role in initiating
renal dysfunction, salt and water retention, and venous
congestion. Venous congestion can in turn, further worsen
renal function through several mechanisms as discussed
below. Anemia, a common comorbidity in HF, can also
worsen renal function (21). Drugs, such as blockers of
RAAS used for the treatment of HF or nonsteroidal anti-
inflammatory drugs and cyclosporine used for the man-
agement of comorbidities, may contribute to worsening
renal function. Primary renal parenchymal disease related
to longstanding diabetes and hypertension, common co-
morbidities in HF, may also worsen renal function, but
often, the kidneys are intrinsically normal. Because of
space constraints, this review is restricted to clarifying
some of the misunderstanding of the role of hemodynam-
ics in the development of renal dysfunction.

Role of Hemodynamic Abnormalities in the
Pathogenesis of CRS

The syndrome of HF is characterized by neurohormonal
activation, salt and water retention, and azotemia, regardless
of the presence of kidney disease. The primary stimulus that
signals or triggers the kidneys to retain fluid is debated. In
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the early 1950s, Peters (22,23) developed the concept that, in
congestive HF, despite increased blood volume, there is
“underfilling of the arterial tree” that modulates renal re-
tention of sodium and water (22,23). Peters (22,23)
proposed a hypothetical effective arterial blood volume
(EABV), a measure of fullness of the arterial tree, that he
believed was reduced even when the blood volume was
increased. This concept has been popularized as a unifying
hypothesis to explain salt and water retention in low car-
diac output and high cardiac output (cirrhosis and preg-
nancy) states (24). The problem is that EABV is a poorly
defined entity that cannot be measured, and there are no
known receptors where the body can directly monitor its
adequacy. Because its validity as a hypothesis cannot be
tested, the concept of EABV has remained hypothetical
for over 60 years. In 1996, Michell (25) proposed that, be-
cause “effective blood volume has outlived its usefulness, it
should be allowed to fade away from the textbooks” (25).
The present review strongly supports this contention and
provides evidence that a threat to the arterial BP and not
“underfilling of the arterial tree” is the stimulus for the
retention of salt and water by the kidney (24).

Another concern in the interpretation of previous studies
is that most of them have investigated the mechanisms of
fluid retention and renal dysfunction in HF patients who
are receiving treatment. Treatment, particularly with di-
uretics, RAAS inhibitors, and B-blockers, has such pro-
found effect on the mechanisms being tested that it
becomes impossible to interpret these studies. Therefore,
most of these data need to be set aside. In the late 1980s
and early 1990s, a series of studies was done on patients
with severe chronic low- or high-output HF who had
never received any form of pharmacological treatment
(26-31). Because these patients were untreated, it can be
assumed that the insights into the mechanisms being
tested were not being confounded by the effects of drugs.
Figure 1 shows the average percent change from normal
in a number of hemodynamic, neurohormonal, body fluid
compartment, and renal function parameters in patients
with severe untreated low-output dilated cardiomyopathy
(27). In these patients, the LV systolic function was se-
verely depressed, with approximately 50% decrease in
the CO. The systemic vascular resistance (SVR) was in-
creased by a factor of two, but the arterial BP remained
within the normal range. There was variable increase in
several circulating neurohormones, including norepineph-
rine, plasma renin activity, aldosterone, and atrial natri-
uretic peptide. The levels of arginine vasopressin were
normal but inappropriately high relative to the low serum
sodium seen in these patients. The renal blood flow (RBF)
and GFR were decreased, and there was a significant in-
crease in total body water, blood volume, extracellular
volume, and total body exchangeable sodium.

From these data, it is possible to construct the sequence
of events that leads to salt and water retention and
development of renal dysfunction in patients with severe
low-output HF (Figures 2 and 3) (32). A severe decrease
in LV function causes a reduction in the CO and threatens
the arterial BP, which lead to carotid sinus and aortic arch
baroreceptor-mediated activation of several neurohormones.
The parasympathetic tone is inhibited, and the sympathetic
tone is enhanced, with subsequent activation of the RAAS.
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Figure 1. | Bar graphs showing hemodynamic, renal function, plasma hormones, and body fluid compartment data expressed as percent of
normal in a group of patients with untreated congestive heart failure. Data are from reference 27. AVP, arginine vasopressin.

There is also a nonosmotic release of arginine vasopressin.
The predominant effect of neurohormonal activation is one
of severe vasoconstriction, with an increase in the SVR that
is more marked in the splanchnic bed. The RBF decreases
greater in proportion to the reduction in the CO. The disso-
ciation between the decrease in CO and RBF suggests that
the autoregulatory potential of the kidneys may be exhausted
in HF. The GFR is also reduced but to a lesser extent than
the RBF, suggesting a greater efferent than afferent ar-
teriolar vasoconstriction. However, this assumption has
been questioned from single nephron GFR measurements
showing that renal autoregulation may also contribute
to the relative preservation of the GFR when the RBF de-
creases (33). The changes in renal hemodynamics set the
stage for the kidneys to start retaining salt and water, ex-
panding the body fluid compartments, elevating the right-
and left-sided filling pressures, and causing the release of
natriuretic peptides. The net effect of these pathophysiolog-
ical effects is that the arterial BP remains normal or is only
mildly reduced in the untreated patient. Therefore, the
compensatory mechanisms seen in low-output HF seem
to be designed to preserve the arterial BP (34), which is
maintained partly by an increase in SVR and partly by an
expansion of the blood volume. Unfortunately, it occurs at
the expense of renal function.

It has been argued that the reduced CO in HF decreases
the intra-arterial volume, and this underfilling of the
arterial system or decrease in EABV inactivates the high-
pressure baroreceptors (23,24). Approximately 80% of the
blood volume resides in the more compliant venous

system, and only 20% is in the arterial circuit (35). Even
if most of the increased blood volume in HF is accommo-
dated in the compliant venous system, it is difficult to
imagine how an underfilled arterial system would unload
high pressure receptors in the aortic arch and the carotid
sinus. Moreover, the neurohormonal response discussed
above is not specific to low-output HF. An identical re-
sponse is seen in other forms of HF, with increased CO
(28-32). Figure 4 shows an example of severe untreated
high-output HF caused by a large arteriovenous fistula.
The CO in this case was increased by over 300% of normal
because of severe vasodilation, with the SVR being only
20% of normal. The arterial BP was reduced. Despite the
high CO, the neurohormonal response was identical to the
response seen in severe low-output states, resulting in a
similar decrease in renal function and salt and water re-
tention (31). Similar finding are seen in other high or nor-
mal CO states with fluid retention, such as chronic severe
anemia (30) and chronic obstructive pulmonary disease
(29). In all high-output states, although the SVR is de-
creased, the renovascular resistance is increased, and the
RBF and GFR are reduced, resulting in a similar pattern of
renal dysfunction and fluid retention as seen in low-output
HF (29,30). BP falls or is threatened in low-output states
because of decrease in CO and high-output states because
of a decrease in SVR. Interestingly, a similar neurohor-
monal profile is also seen in patients with pulmonary ar-
terial hypertension, right ventricular infarction, and right
ventricular failure (36). Although the initial triggers for
neurohormonal activation in pulmonary hypertension
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Figure 2. | Compensatory changes in a number of hemodynamic and body fluid compartment parameters help to maintain a normal arterial
BP in patients with untreated congestive heart failure. This change occurs at the expense of renal dysfunction. Modified from reference 32,

with permission. LA, left atrial; RA, right atrial.

have not been studied, it is likely that the mechanisms are
similar to the mechanisms seen in low-output HF.

These studies, therefore, further support the notions
that preservation or maintenance of the arterial BP is the
main stimulus for the neurohormonal response seen in HF
and that a threat to or a fall in the arterial BP and not
underfilling of the arterial system or decrease in EABV is
the most likely primary signal for the kidney to retain
sodium and water and the development of renal dysfunc-
tion. Because EABV and arterial underfilling are ill-defined
and hypothetical concepts that cannot be measured and for
which there are no known receptors in the body, their
continued use serves no useful purpose. It is the author’s
considered opinion that we should refrain from using
these confusing and imaginary concepts.

If such disparate hemodynamics, as seen in the low- and
high-output states, are associated with similar decreases in
RBF and GFR and development of renal dysfunction, then
routine measurement of hemodynamics may not be helpful
in predicting which patients are likely to develop renal
dysfunction or CRS. Indeed, hemodynamic measurements
usually do not correlate well with the presence or de-
velopment of renal dysfunction. In the Evaluation Study of
Congestive Heart Failure and Pulmonary Artery Catheter-
ization Effectiveness Trial, which tested a hemodynamic-
versus clinically guided strategy to improve outcomes in
patients with ADHF, none of the classic baseline hemody-
namic parameters like CO, pulmonary capillary wedge
pressure, or SVR correlated with baseline renal function as
measured by GFR or serum creatinine. Only venous or
right atrial pressure correlated significantly but weakly
with serum creatinine (p=0.17, P=0.03) and GFR
(p=-0.19, P=0.01) (20). More importantly, none of the
baseline or changes in hemodynamic parameters during
in-hospital treatment of ADHF correlated with the

development of worsening renal function as defined by
increase in serum creatinine>0.3 mg/dl (20).

Role of High Venous Pressure in the Pathogenesis
of CRS

Although the principle driving forces for changes in RBF
and GFR in HF are the result of BP-mediated modulation of
neurohumoral factors, the resulting fluid retention and
increase in venous pressure can have important repercus-
sions on renal perfusion (37-39). It has been know for sev-
eral years that high central venous pressure (CVP) and even
high intra-abdominal pressure from ascites may reduce
GFR (40,41). Animal studies have consistently shown that
increasing renal venous pressure by approximately 20-25
mmHg in the isolated dog or rat kidneys caused a profound
decrease in renal perfusion accompanied by a sharp drop in
the GFR, sodium excretion, and urine flow. Renal function
promptly returned to normal when the venous pressure
was lowered (37,42).

More recently, there has been a resurgence of interest in
the role of increased venous pressure in patients with HF.
Damman et al. (38) found that higher CVP was inversely
related to GFR and independently associated with all-
cause mortality. Similar findings were reported by Mullens
et al. (39) in patients admitted with ADHF, and it was
found that there was an incremental risk of developing
worsening renal function (serum creatinine>0.3 mg/dl)
with increasing CVP independent of the CO. The area un-
der the receiver operating characteristic curve for predict-
ing worsening renal function was 0.734 (P<0.001) for CVP
and 0.552 (P=0.60) for CO. However, because only a few
have studied the complexities of this issue, additional re-
search is needed to clarify the exact role of increased venous
pressure in the CRS.
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Figure 3. | Diagram showing the sequence of events that leads to salt and water retention by the kidney and development of renal dys-
function. Notice that, in both low and high cardiac output heart failure, the common stimulus seems to be a threat to the arterial BP. The direct
effects of these mechanisms are shown by solid blue lines, and mechanisms that may help to improve renal function are indicated by the dotted
blue lines and red symbol. The role of increased venous pressure in worsening renal function is shown in red lines. Modified from reference 32,

with permission.

Why should an increase in venous pressure decrease
renal function? Although several mechanisms have been
suggested, the most plausible explanation is that an in-
crease in renal venous pressure decreases the arteriovenous
pressure gradient across the kidney and reduces the
already compromised RBF, causing GFR to decrease (43).
However, in normal kidneys, these changes might evoke a
myogenic and tubuloglomerular autoregulation to stabi-
lize the GFR. Because the kidneys have a tight capsule,
an increase in venous pressure is also likely to increase
renal interstitial pressure and therefore, the pressure in
the renal tubules. Micropuncture studies on healthy rat
kidneys have shown that elevation of the renal venous
pressure beyond 15 mmHg caused a linear increase in
the peritubular capillary and intratubular pressures (44).
Because the intratubular pressure is one of the important
driving forces for glomerular filtration, any increase in in-
tratubular pressure is likely to oppose filtration, reduce the
net ultrafiltration pressure, and decrease the GFR. It
should be emphasized, however, that these theoretical ex-
planations are based on acute experimental data in either
normal intact animals or isolated kidneys, where the two
components of renal autoregulation (i.e., myogenic control
of afferent arteriolar tone and tubuloglomerular feedback)
might still be operative. It is unclear what roles these
mechanisms play in HF patients with sympathetic and
RAAS activation and when the RBF and GFR are already
compromised. Hence, the exact mechanisms to explain the
inverse relationship between high renal venous pressure
and GFR in patients with HF are likely to be highly

complex. Nevertheless, in patients with ascites or raised
CVP, paracentesis or ultrafiltration has been shown to im-
prove renal dysfunction (41). However, in the Cardiorenal
Rescue Study in Acute Decompensated Heart Failure, ul-
trafiltration was not associated with improvement in renal
function, although that study was not designed to address
this particular question (45). Taken together, these experi-
mental, epidemiologic, and clinical studies strongly sup-
port the view that renal venous pressure is an important
determinant of renal hemodynamics and GFR. A rise in
venous pressure can initiate a vicious cycle by causing
sodium retention, expansion of plasma volume, and addi-
tional increase in venous pressure.

In addition to its effects on renal hemodynamics, high
systemic venous congestion can activate endothelial dys-
function with production of reactive oxygen species, TNF-
a, endothelin-1, IL-6, and other inflammatory cytokines
(46,47), all of which worsen nitric oxide dysregulation,
resulting in additional neurohormonal activation and re-
nal dysfunction. Venous congestion may also trigger pro-
duction of systemic endotoxins from the gut, and
superimposed infection may also contribute to renal dys-
function (48).

Is the Renal Dysfunction Reversible?

Although hemodynamic abnormalities and poor renal
perfusion play an important role in the pathogenesis of
CRS, no pharmacological interventions have been shown to
significantly improve renal function in patients with HF,
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Figure 4. | Bar graphs comparing the hemodynamic, renal function, plasma hormones, and body fluid compartment data of patients with
untreated low-output heart failure with data from patients with untreated high-output heart failure because of a large arteriovenous fistula.
Despite dissimilar hemodynamics, the neurohormonal activation, fluid retention, and renal dysfunction were very similar in low- and high-

output heart failure. Data are from references 27 and 31.

including rolofylline, an adenosine-receptor antagonist that
is supposed to improve RBF (49). This finding raises the
question of whether intrinsic kidney disease plays a more
important role in the pathogenesis of CRS and whether CRS
reverses when hemodynamics improves. However, several
studies have shown a prompt improvement in renal func-
tion with placement of LV assist devices in patients with
end stage HF (50). The role of hemodynamics was also in-
vestigated in 15 patients with chronic constrictive pericar-
ditis, CRS, and severe fluid retention before and 8 weeks
after pericardiectomy (28). Pericardiectomy rapidly normal-
ized the hemodynamics and renal dysfunction. The cardiac
index increased from 2.0+0.2 to 3.6+0.3 L/min per meter?,
the right atrial pressure fell from 22.1*+1.2 to 5.3+0.7
mmHg, the effective renal plasma flow increased from
24321 to 382+34 ml/min per 1.73 m?, and the serum cre-
atinine fell from 1.5 to 1.0 mg/dl (28). These data also un-
derscore the importance of hemodynamics in the
pathogenesis of CRS and show that, in many patients, the
renal dysfunction is reversible if the hemodynamics can be
improved.

Conclusions

CRS is very common in patients with chronic HF and
ADHF, and it is independently related to poor clinical
outcomes. Although several factors contribute to the
pathogenesis of CRS, changes in hemodynamics with

low renal perfusion and activation of the sympathetic and
RAAS probably play the most prominent roles in initiating
renal dysfunction. Increasing data suggest that elevated
venous pressure is important in further worsening of renal
function in HF. The exact prevalence of structural kidney
disease in the CRS is unknown but likely to be high because
of common association of diabetes and hypertension with
HF. Finally, although in many patients, renal dysfunction
may normalize if the pump function improves, in other
patients, the underlying structural renal disease may con-
tribute to permanent renal dysfunction. Additional studies
are required to improve our understanding of the complex
interactions between HF and renal dysfunction to enable us
to devise better therapies for the CRS.

Acknowledgments

This analysis was supported, in part, by resources of the Min-
neapolis Veterans Affairs Medical Center.

The views expressed in this article are the views of the author and
do not necessary represent the views of the Department of Veterans
Affairs.

Disclosures

L.S.A. reports no conflicts related to the content of this manuscript.
Nonrelated disclosures include consultant or advisory board mem-
ber for Novartis, Amgen, Cyberonics, and BG Medicine. He has
also received research grants from Novartis; Amgen; National
Heart, Lung and Blood Institute; and Sunshine Heart.



1806 Clinical Journal of the American Society of Nephrology

References

1.

Jencks SF, Williams MV, Coleman EA: Rehospitalizations among
patients in the Medicare fee-for-service program. N Engl ] Med
360: 1418-1428, 2009

. Fonarow GC, Heywood JT: The confounding issue of comorbid

renal insufficiency. Am J Med 119[Suppl 11: S17-S25, 2006

. Ronco C, McCullough P, Anker SD, Anand I, Aspromonte N,

Bagshaw SM, Bellomo R, Berl T, Bobek I, Cruz DN, Daliento L,
Davenport A, Haapio M, Hillege H, House AA, Katz N, Maisel A,
Mankad S, Zanco P, Mebazaa A, Palazzuoli A, Ronco F, Shaw A,
Sheinfeld G, Soni S, Vescovo G, Zamperetti N, Ponikowski P;
Acute Dialysis Quality Initiative (ADQI) consensus group:
Cardio-renal syndromes: Report from the consensus conference
of the acute dialysis quality initiative. Eur Heart ] 31: 703-711,
2010

. Heywood JT, Fonarow GC, Costanzo MR, Mathur VS,

Wigneswaran JR, Wynne J; ADHERE Scientific Advisory Com-
mittee and Investigators: High prevalence of renal dysfunction
and its impact on outcome in 118,465 patients hospitalized with
acute decompensated heart failure: A report from the ADHERE
database. J Card Fail 13: 422-430, 2007

. Gottlieb SS, Abraham W, Butler J, Forman DE, Loh E, Massie BM,

O’connor CM, Rich MW, Stevenson LW, Young J, Krumholz HM:
The prognostic importance of different definitions of worsening
renal function in congestive heart failure. J Card Fail 8: 136-141,
2002

. Smith GL, Vaccarino V, Kosiborod M, Lichtman JH, Cheng S,

Watnick SG, Krumholz HM: Worsening renal function: What is a
clinically meaningful change in creatinine during hospitalization
with heart failure? J Card Fail 9: 13-25, 2003

. Forman DE, Butler J, Wang Y, Abraham WT, O’Connor CM,

Gottlieb SS, Loh E, Massie BM, Rich MW, Stevenson LW, Young
JB, Krumholz HM: Incidence, predictors at admission, and im-
pact of worsening renal function among patients hospitalized
with heart failure. / Am Coll Cardiol 43: 61-67, 2004

. Bagshaw SM, Cruz DN, Aspromonte N, Daliento L, Ronco F,

Sheinfeld G, Anker SD, Anand |, Bellomo R, Berl T, Bobek I,
Davenport A, Haapio M, Hillege H, House A, Katz N, Maisel A,
Mankad S, McCullough P, Mebazaa A, Palazzuoli A, Ponikowski
P, Shaw A, Soni S, Vescovo G, Zamperetti N, Zanco P, Ronco C;
Acute Dialysis Quality Initiative Consensus Group: Epidemiol-
ogy of cardio-renal syndromes: Workgroup statements from the
7th ADQI Consensus Conference. Nephrol Dial Transplant 25:
1406-1416, 2010

. Shlipak MG, Smith GL, Rathore SS, Massie BM, Krumholz HM:

Renal function, digoxin therapy, and heart failure outcomes:
Evidence from the digoxin intervention group trial. ] Am Soc
Nephrol 15: 2195-2203, 2004

. Hillege HL, Nitsch D, Pfeffer MA, Swedberg K, McMurray JJ,

Yusuf S, Granger CB, Michelson EL, Ostergren J, Cornel JH, de
Zeeuw D, Pocock S, van Veldhuisen DJ; Candesartan in Heart
Failure: Assessment of Reduction in Mortality and Morbidity
(CHARM) Investigators: Renal function as a predictor of outcome
in a broad spectrum of patients with heart failure. Circulation
113: 671-678, 2006

. Dries DL, Exner DV, Domanski MJ, Greenberg B, Stevenson LW:

The prognostic implications of renal insufficiency in asymp-
tomatic and symptomatic patients with left ventricular systolic
dysfunction. / Am Coll Cardiol 35: 681-689, 2000

. Anand IS, Bishu K, Rector TS, Ishani A, Kuskowski MA, Cohn JN:

Proteinuria, chronic kidney disease, and the effect of an angio-

tensin receptor blocker in addition to an angiotensin-converting
enzyme inhibitor in patients with moderate to severe heart fail-
ure. Circulation 120: 1577-1584, 2009

. McAlister FA, Ezekowitz ], Tonelli M, Armstrong PW: Renal in-

sufficiency and heart failure: Prognostic and therapeutic im-
plications from a prospective cohort study. Circulation 109:
1004-1009, 2004

. Ezekowitz ], McAlister FA, Humphries KH, Norris CM, Tonelli M,

Ghali WA, Knudtson ML; APPROACH Investigators: The asso-
ciation among renal insufficiency, pharmacotherapy, and out-
comes in 6,427 patients with heart failure and coronary artery
disease. | Am Coll Cardiol 44: 1587-1592, 2004

. McClellan WM, Flanders WD, Langston RD, Jurkovitz C, Presley

R: Anemia and renal insufficiency are independent risk factors for

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

death among patients with congestive heart failure admitted to
community hospitals: A population-based study. / Am Soc
Nephrol 13: 1928-1936, 2002

. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL,

Redfield MM: Secular trends in renal dysfunction and outcomes
in hospitalized heart failure patients. J Card Fail 12: 257-262,
2006

. Akhter MW, Aronson D, Bitar F, Khan S, Singh H, Singh RP,

Burger A, Elkayam U: Effect of elevated admission serum cre-
atinine and its worsening on outcome in hospitalized patients
with decompensated heart failure. Am J Cardiol 94: 957-960,
2004

. Butler J, Forman DE, Abraham WT, Gottlieb SS, Loh E, Massie

BM, O’Connor CM, Rich MW, Stevenson LW, Wang Y, Young JB,
Krumholz HM: Relationship between heart failure treatment and
development of worsening renal function among hospitalized
patients. Am Heart ) 147: 331-338, 2004

. Krumholz HM, Chen YT, Vaccarino V, Wang Y, Radford M,

Bradford WD, Horwitz RI: Correlates and impact on outcomes of
worsening renal function in patients > or =65 years of age with
heart failure. Am J Cardiol 85: 1110-1113, 2000

Nohria A, Hasselblad V, Stebbins A, Pauly DF, Fonarow GC, Shah
M, Yancy CW, Califf RM, Stevenson LW, Hill JA: Cardiorenal
interactions: Insights from the ESCAPE trial. ] Am Coll Cardiol 51:
1268-1274, 2008

Anand IS: Pathogenesis of anemia in cardiorenal disease. Rev
Cardiovasc Med 6[Suppl 3]: S13-521, 2005

Peters JP: The role of sodium in the production of edema. N Engl
Med 239: 353-362, 1948

Peters JP: The problem of cardiac edema. Am ) Med 12: 66-76,
1952

Schrier RW: Pathogenesis of sodium and water retention in high-
output and low-output cardiac failure, nephrotic syndrome, cir-
rhosis, and pregnancy (1). N Engl ] Med 319: 1065-1072, 1988
Michell AR: Effective blood volume: An effective concept or a
modern myth. Perspect Biol Med 39: 471-490, 1996

Bayliss J, Norell M, Canepa-Anson R, Sutton G, Poole-Wilson P:
Untreated heart failure: Clinical and neuroendocrine effects of
introducing diuretics. Br Heart | 57: 17-22, 1987

Anand IS, Ferrari R, Kalra GS, Wabhi PL, Poole-Wilson PA, Harris
PC: Edema of cardiac origin. Studies of body water and sodium,
renal function, hemodynamic indexes, and plasma hormones in
untreated congestive cardiac failure. Circulation 80: 299-305,
1989

Anand IS, Ferrari R, Kalra GS, Wahi PL, Poole-Wilson PA, Harris
PC: Pathogenesis of edema in constrictive pericarditis. Studies of
body water and sodium, renal function, hemodynamics, and
plasma hormones before and after pericardiectomy. Circulation
83:1880-1887, 1991

Anand IS, Chandrashekhar, Ferrari R, Sarma R, Guleria R, Jindal
SK, Wahi PL, Poole-Wilson PA, Harris P: Pathogenesis of con-
gestive state in chronic obstructive pulmonary disease. Studies of
body water and sodium, renal function, hemodynamics, and
plasma hormones during edema and after recovery. Circulation
86: 12-21, 1992

Anand IS, Chandrashekhar Y, Ferrari R, Poole-Wilson PA, Harris
PC: Pathogenesis of oedema in chronic severe anaemia: Studies
of body water and sodium, renal function, haemodynamic vari-
ables, and plasma hormones. Br Heart / 70: 357-362, 1993
Anand IS, Florea VG: High output cardiac failure. Curr Treat
Options Cardiovasc Med 3: 151-159, 2001

Anand IS, Chugh SS: Mechanisms and management of renal
dysfunction in heart failure. Curr Opin Cardiol 12: 251-258,
1997

Carmines PK, Perry MD, Hazelrig JB, Navar LG: Effects of pre-
glomerular and postglomerular vascular resistance alterations on
filtration fraction. Kidney Int Suppl 20: S229-5232, 1987
Harris P: Evolution and the cardiac patient. Cardiovasc Res 17:
313-319, 1983

Rothe CF: Reflex control of veins and vascular capacitance.
Physiol Rev 63: 1281-1342, 1983

de Man FS, Handoko ML, Guignabert C, Bogaard HJ, Vonk-
Noordegraaf A: Neurohormonal axis in patients with pulmonary
arterial hypertension: Friend or foe? Am J Respir Crit Care Med
187:14-19, 2013



Clin } Am Soc Nephrol 8: 1800-1807, October, 2013

37.

38.

39.

40.

41.

42.

43.

44,

45.

Firth JD, Raine AE, Ledingham )JG: Raised venous pressure: A
direct cause of renal sodium retention in oedema? Lancet 1:
1033-1035, 1988

Damman K, van Deursen VM, Navis G, Voors AA, van
Veldhuisen DJ, Hillege HL: Increased central venous pressure is
associated with impaired renal function and mortality in a broad
spectrum of patients with cardiovascular disease. ] Am Coll
Cardiol 53: 582-588, 2009

Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO,
Starling RC, Young JB, Tang WH: Importance of venous conges-
tion for worsening of renal function in advanced decompensated
heart failure. / Am Coll Cardiol 53: 589-596, 2009

Bradley SE, Bradley GP: The effect of increased intra-abdominal
pressure on renal function in man. J Clin Invest 26: 1010-1022,
1947

Mullens W, Abrahams Z, Skouri HN, Francis GS, Taylor DO,
Starling RC, Paganini E, Tang WH: Elevated intra-abdominal
pressure in acute decompensated heart failure: A potential con-
tributor to worsening renal function? / Am Coll Cardiol 51: 300-
306, 2008

Winton FR: The influence of venous pressure on the isolated
mammalian kidney. J Physiol 72: 49-61, 1931

Braam B, Cupples WA, Joles JA, Gaillard C: Systemic arterial and
venous determinants of renal hemodynamics in congestive heart
failure. Heart Fail Rev17: 161-175, 2012

Gottschalk CW, Mylle M: Micropuncture study of pressures in
proximal tubules and peritubular capillaries of the rat kidney and
their relation to ureteral and renal venous pressures. Am J Physiol
185: 430-439, 1956

Bart BA, Goldsmith SR, Lee KL, Givertz MM, O’Connor CM, Bull
DA, Redfield MM, Deswal A, Rouleau JL, LeWinter MM, Ofili

46.

47.

48.

49.

50.

Cardiorenal Syndrome, Anand 1807

EO, Stevenson LW, Semigran M), Felker GM, Chen HH,
Hernandez AF, Anstrom KJ, McNulty SE, Velazquez EJ, Ibarra )C,
Mascette AM, Braunwald E; Heart Failure Clinical Research
Network: Ultrafiltration in decompensated heart failure with
cardiorenal syndrome. N Engl ] Med 367: 2296-2304, 2012
Colombo PC, Banchs JE, Celaj S, Talreja A, Lachmann J, Malla S,
DuBois NB, Ashton AW, Latif F, Jorde UP, Ware JA, LeJemtel TH:
Endothelial cell activation in patients with decompensated heart
failure. Circulation 111: 58-62, 2005

Ganda A, Onat D, Demmer RT, Wan E, Vittorio TJ, Sabbah HN,
Colombo PC: Venous congestion and endothelial cell activation
in acute decompensated heart failure. Curr Heart Fail Rep 7: 66—
74,2010

Niebauer J, Volk HD, Kemp M, Dominguez M, Schumann RR,
Rauchhaus M, Poole-Wilson PA, Coats AJ, Anker SD: Endotoxin
and immune activation in chronic heart failure: A prospective
cohort study. Lancet 353: 1838-1842, 1999

Massie BM, O’Connor CM, Metra M, Ponikowski P, Teerlink JR,
Cotter G, Weatherley BD, Cleland JG, Givertz MM, Voors A,
DelLucca P, Mansoor GA, Salerno CM, Bloomfield DM, Dittrich
HC; PROTECT Investigators and Committees: Rolofylline, an
adenosine A1-receptor antagonist, in acute heart failure. N Engl
Med 363: 1419-1428, 2010

Butler), Geisberg C, Howser R, Portner PM, Rogers ]G, Deng MC,
Pierson RN 3rd: Relationship between renal function and left
ventricular assist device use. Ann Thorac Surg 81: 1745-1751,
2006

Published online ahead of print. Publication date available at www.
cjasn.org.


http://www.cjasn.org
http://www.cjasn.org

