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ABSTRACT

he United States is currently beleaguered by twin epidemics, heart failure (HF) and renal insufficiency
RI). HF and RI frequently coexist in the same patient, and this conjunction, often called the “cardiorenal
yndrome,” has important therapeutic and prognostic implications. Approximately 60% to 80% of patients
ospitalized for HF have at least stage III renal dysfunction as defined by the National Kidney Foundation
NKF), and this comorbid RI is associated with significantly increased morbidity and mortality risk.
umerous studies have demonstrated that in patients with HF, indices of renal function are the most
owerful independent mortality risk predictors. Comorbid RI can result from both intrinsic renal disease
nd inadequate renal perfusion. Atherosclerosis, renal vascular disease, diabetes mellitus, and hypertension
re significant precursors of both HF and RI. Moreover, diminished renal perfusion is frequently a
onsequence of the hemodynamic changes associated with HF and its treatment. Both HF and RI stimulate
eurohormonal activation, increasing both preload and afterload and reducing cardiac output. Inotropic
gents augment this neurohormonal activation. In addition, diuretics can produce hypovolemia and
ntravenous vasodilators can cause hypotension, further diminishing renal perfusion. Management of these
atients requires successfully negotiating the delicate balance between adequate volume reduction and
orsening renal function. Despite this, few evidence-based data are available to guide management
ecisions, indicating a compelling need for additional studies in this patient population. © 2006 Elsevier
nc. All rights reserved.

KEYWORDS: Cardiorenal syndrome; Glomerular filtration rate; Heart failure; Outcomes; Renal insufficiency;
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win epidemics, heart failure (HF) and renal insufficiency (RI)
urrently besiege the United States. It is not surprising that the
revalence of these twin syndromes continues to escalate,
iven an aging population, rising rates of obesity and diabetes
ellitus, and shared risk factors. These issues have important

mplications for the healthcare system. Not uncommonly, HF
nd RI coexist in the same patient.1–3 This conjunction, often
alled the “cardiorenal syndrome,” has important therapeutic
nd prognostic implications for patients with HF. Much of the
hallenge of achieving successful HF management lies in nav-
gating between the Scylla of fluid overload and the Charybdis
f worsening renal function.

Requests for reprints should be addressed to Gregg C. Fonarow, MD,
ivision of Cardiology, David Geffen School of Medicine at UCLA,
niversity of California–Los Angeles, 10833 Le Conte Avenue, Los An-
eles, California 90095.
: gfonarow@mednet.ucla.edu.

ront matter © 2006 Elsevier Inc. All rights reserved.
ed.2006.09.013
The cardiorenal syndrome is receiving significant atten-
ion from researchers, government agencies, and the phar-
aceutical/device industry.4 In 2004, the National Heart,
ung, and Blood Institute (NHLBI) convened a working
roup to “evaluate the current state of knowledge regarding
nteractions between the cardiovascular system and the kid-
ey, to identify critical gaps in our knowledge, understand-
ng, and application of research tools, and to develop
pecific recommendations for NHLBI in cardio-renal inter-
ctions related to heart failure.”4 Although intense focus has
een placed on the syndrome, a clear definition of cardio-
enal syndrome has not yet been developed. Several defini-
ions have been proposed, including the following:

“A pathophysiologic condition in which combined car-
diac and renal dysfunction amplifies progression of fail-
ure of the individual organ to lead to astounding morbid-

ity and mortality in this patient group”5
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“Presence or development of renal dysfunction in patients
with heart failure”6

“A syndrome in which the heart or the kidney fails to
compensate for the functional impairment of the respec-
tive other organ, resulting in a vicious cycle [sic] that will
ultimately result in decompensation of the entire circula-
tory system”7

“The result of interactions between the kidneys and other
circulatory compartments that increase circulating vol-
ume and symptoms of heart failure and disease progres-
sion are exacerbated. At its extreme, cardio-renal dys-
regulation leads to what is termed ‘cardio-renal
syndrome’ in which therapy to relieve congestive symp-
toms of heart failure is limited by further decline in renal
function”4

PIDEMIOLOGY OF HEART FAILURE WITH
OMORBID RENAL INSUFFICIENCY
ata from several sources demonstrate that approximately
0% to 40% of patients admitted to a hospital for acute HF
yndromes (AHFS) have comorbid RI, based on clinical
istory and serum creatinine levels. In an evaluation of data
rom 1,681 patients �65 years of age admitted for acute
ecompensated HF (ADHF) at 18 hospitals in Connecticut,
1% of patients had baseline renal failure and 41% had a
aseline serum creatinine level �1.5 mg/dL (1 mg/dL �
6.25 �mol/L).8 Similarly, renal dysfunction complicated
F management in 18% of the 11,327 patients admitted to
15 hospitals in the EuroHeart Failure survey program.9

inally, 30% of hospitalized patients with HF had a history
f chronic RI and 20% had a serum creatinine level �2
g/dL in an evaluation of 105,388 hospitalization episodes

t 274 hospitals from the Acute Decompensated Heart Fail-
re National Registry (ADHERE).10

Moreover, these data probably underestimate the true
revalence of RI associated with HF. Patients with AHFS
ypically are elderly; the mean age of patients in the report
rom the ADHERE registry was 72.4 years.10 In the elderly,
reatinine production is reduced owing to an age-related
ecline in muscle mass. As a result, serum creatinine con-
entration alone may not accurately reflect renal func-
ion.6,11 Currently, the National Kidney Foundation (NKF)
ecommends that renal function be assessed by estimating
he glomerular filtration rate (GFR) based on predictive
quations that take into account not only serum creatinine
evel but also other factors such as age, sex, race/ethnicity,
nd body size.11 Based on estimated GFR, a majority of
atients in the ADHERE registry have at least stage III renal
ysfunction as defined by the NKF.11,12

Additionally, comorbid RI can complicate the manage-
ent of AHFS, even when it is not present at the time of

dmission. Between 27% and 45% of patients hospitalized
or AHFS develop an acute worsening of renal function,
efined as a �0.3-mg/dL increase in serum creatinine level,

uring their hospitalization.8,13–15 1
FFECT OF RENAL INSUFFICIENCY ON
ROGNOSIS
everal studies have demonstrated that patients with chronic
F who have developed RI have an increased risk of mor-

ality. In the Second Prospective Randomized Study of
bopamine on Mortality and Efficacy (PRIME-II), estimated
aseline GFR was the most powerful multivariate predictor
f mortality risk, exceeding both functional status and ejec-
ion fraction (Figure 1).16 Similarly, retrospective multivar-
ate analysis of data from the Studies in Left Ventricular
ysfunction (SOLVD) prevention and treatment trials

ound that moderate RI, defined as a baseline creatinine
learance �60 mL/min as estimated by the Cockroft-Gault
quation,17 was associated with a 1.41-fold increase (P �
.001) in the risk of all-cause mortality in both trials.18

Baseline RI has also been shown to increase both mor-
idity and mortality risk in patients hospitalized for
HFS.19–25 In a retrospective analysis of data from 1,129
atients, a discharge serum creatinine level �2.5 mg/dL
as the most powerful independent multivariate predictor
f all-cause readmission (hazard ratio [HR], 1.72; 95%
onfidence interval [CI], 1.35 to 2.18; P � 0.0001).24 In a
ultivariate Cox regression analysis of data from 541 pa-

ients, all-cause mortality increased with each quartile of
lood (serum) urea nitrogen (BUN), with an adjusted mor-
ality relative risk of 2.3 (95% CI, 1.3 to 4.1; P � 0.005) for
atients in the highest compared with the lowest quartile.21

n separate multivariate analyses of data from 906 and 4,031
atients, a 5-mg/dL (1 mg/dL � 0.357 mmol/L) increase in
UN was associated with an increase in the 60-day risk of
eath or rehospitalization (odds ratio [OR], 1.28; 95% CI,

igure 1 Proportional relation of glomerular filtration rate with
ortality in a Cox-adjusted survival analysis of 1,702 patients with
oderate-to-severe (i.e., New York Heart Association [NYHA]

lass III to IV) heart failure. (Adapted with permission from
irculation.16)
.14 to 1.41; P � 0.0001) in the first analysis22 and a
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0-mg/dL increase in BUN was associated with an in-
reased risk of both 30-day (OR, 1.55; 95% CI, 1.42 to 1.71;
�0.001) and 1-year (OR, 1.49; 95% CI, 1.39 to 1.60; P
0.001) mortality in the second analysis.23 In an analysis of

ata from 433 patients in the Evaluation Study of Conges-
ive Heart Failure and Pulmonary Artery Catheterization
ffectiveness (ESCAPE), both baseline serum creatinine

HR, 1.37 per 0.2-mg/dL increase; 95% CI, 1.20 to 1.56; P
0.0001) and BUN (HR, 1.42 per 20-mg/dL increase; 95%
I, 1.26 to 1.60; P �0.0001) levels were significant inde-
endent 6-month mortality risk factors.19 Finally, in a clas-
ification and regression tree analysis of �33,000 ADHF
ospitalization episodes in the ADHERE registry assessing
40 univariate predictors, admission serum creatinine and
UN levels were 2 of the 3 strongest independent risk
redictors for inhospital mortality.20

Similarly, worsening renal function during hospitaliza-
ion for AHFS also signifies a significantly poorer progno-
is.8,13–15 Gottlieb and colleagues14 evaluated data from
,002 patients admitted to academic medical centers for
DHF. Approximately 72% of patients had a serum creat-

nine increase �0.1 mg/dL during their hospitalization, and
ven this small increase was associated with worse out-
omes. Increasing the serum creatinine threshold used to
efine worsening renal function from �0.1 mg/dL to �0.5
g/dL improved specificity but reduced sensitivity, with a

evel of �0.3 mg/dL providing both relatively high sensi-
ivity (81%) and useful specificity (62%) for inhospital
ortality. Smith and colleagues13 evaluated the mortality

isk associated with acute serum creatinine elevation in 412
atients hospitalized for ADHF. Adjusted 6-month mortal-
ty HRs were 0.88 (95% CI, 0.49 to 1.57) for a �0.1-mg/dL
ncrease, 1.15 (95% CI, 0.67 to 1.97) for a �0.2-mg/dL
ncrease, 1.61 (95% CI, 0.94 to 2.77) for a �0.3-mg/dL
ncrease, 1.83 (95% CI, 1.05 to 3.23) for a �0.4-mg/dL
ncrease, and 2.86 (95% CI, 1.55 to 5.26) for a �0.5-mg/dL
ncrease in serum creatinine. A �25% increase in serum
reatinine had high specificity (91%) but lacked sensitivity

Table 1 Etiologies of comorbid renal

● Intrinsic renal disease
—Renal vascular disease
—Nephron loss (diabetes mellitus, h
—Diuretic resistance

● Inadequate renal perfusion
—Hypovolemia (inadequate preload)
—Inadequate cardiac output (excess
—Hypotension

● With normal cardiac output (vas
● With low cardiac output (severe

—Abnormally high central venous pr
—Drug-induced (NSAIDs, cyclosporin

ACE � angiotensin-converting enzyme; A
nonsteroidal anti-inflammatory drugs.

Adapted from Heart Fail Rev.6
14%) and was not statistically significant (adjusted d
-month mortality HR, 1.67; 95% CI, 0.78 to 3.56). In
ummary, a significant component of the morbidity and
ortality associated with HF is predicted by RI.

ATHOPHYSIOLOGIC LINK BETWEEN HEART
AILURE AND RENAL INSUFFICIENCY
n patients with HF, comorbid RI can result from intrinsic
enal disease, hemodynamic abnormalities, or their combi-
ation (Table 1).6 Atherosclerosis, renal vascular disease,
iabetes, and hypertension are significant precursors of both
enal dysfunction and HF.1,11,26,27 As a result, intrinsic renal
isease frequently coexists with HF.28

Diminished renal perfusion is frequently a consequence
f the hemodynamic changes associated with HF and its
reatment. Severe pump failure leads to low cardiac output
nd hypotension (cardiogenic shock).29 Neurohormonal ac-
ivation produces both fluid retention, increasing central
enous pressure, and vasoconstriction, increasing afterload
nd diminishing cardiac output.29,30 Diuresis can cause hy-
ovolemia, reducing preload,6 and use of intravenous vaso-
ilators can lead to hypotension.31,32 In addition, agents
uch as nonsteroidal anti-inflammatory drugs (NSAIDs),
yclosporine, angiotensin-converting enzyme (ACE) inhib-
tors, and angiotensin II receptor blockers (ARBs) all can
ecrease renal perfusion.33–36 The resultant diminution in
enal blood flow/GFR can lead to RI even in the absence of
ntrinsic renal disease.

In patients with HF, there is a correlation between RI and
irculating levels of neurohormones. Activation of the re-
in-angiotensin-aldosterone system (RAAS) leads to renal
ypoxia, vasoconstriction, intraglomerular hypertension,
lomerulosclerosis, tubulointerstitial fibrosis, and protein-
ria.26,37,38 Similarly, sympathetic nervous system activa-
ion causes proliferation of smooth muscle cells and adven-
itial fibroblasts in the vascular wall of intrarenal blood
essels.39

High central venous pressure is another cause of renal

ciency in patients with heart failure

sion)

oconstriction)

ry shock)
failure, cardiogenic shock)

olimus, ACE inhibitors, ARBs, etc)

angiotensin II receptor blockers; NSAIDs �
insuffi

yperten

ive vas

odilato
pump
essure
e, tacr

RBs �
ysfunction that is often overlooked. In an elegant study,
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irth and colleagues40 evaluated the effect of increasing
enous pressure on GFR using an isolated rat kidney prep-
ration. Normal perfusion pressure was maintained while
enous pressure was increased in 6.25-mm Hg steps. In this
valuation, increasing venous pressure above 19 cm of wa-
er produced significant reductions in GFR, sodium excre-
ion, and fractional excretion of sodium, which resolved
ompletely when venous pressure was restored to basal
evels. Angiotensin II–induced vasoconstriction of the ef-
erent glomerular arteriole helps to preserve GFR in patients
ith HF and RI.41,42 Neurohormonal blockade with ACE

nhibitors and/or ARBs impedes this vasoconstriction, re-
ucing glomerular capillary pressure and, hence, GFR, lead-
ng to an acute, small increase in serum creatinine lev-
l.33,35,43 Although initially worrisome, especially given the
ortality risk associated with similar acute increases in

erum creatinine level in patients with HF,8,13–15 the result-
nt decrease in glomerular hyperfiltration seems to be reno-
rotective over the long term, and supports continuation of
hese therapies in the absence of renal artery steno-
is.33,44–47 Because patients who are volume-depleted may
e especially sensitive to this efferent arteriolar vasodila-
ion,45,47,48 restoring and maintaining a normal volume sta-
us before and throughout therapy with a neurohormonal
locking agent may help alleviate the initial acute decline in
enal function.

In addition to the adverse affects of HF on renal function,
I adversely affects cardiac function, producing a vicious
ircle in which RI impairs cardiac performance, which then
eads to further impairment of renal function. As a result, RI
s a major determinant of the progression of HF, congestion,
nd recurrent decompensation and hospitalization.18,24,49

eurohormonal activation is a key component that links not
nly RI to HF but also HF to RI (Figure 2).50 Both HF and
I produce neurohormonal activation.39,50–52 This activa-

ion increases the volume and pressure load on the heart,
educes myocardial oxygen supply, promotes deleterious
yocardial remodeling, and accelerates atherosclerosis.30,39

The etiology of RI in patients with HF is complex, and
everal factors may be at work in the same patient. Given
he increased morbidity and mortality associated with co-
orbid RI, recognizing which factors are involved in an

ndividual patient and eliminating these factors whenever
ossible is an essential component of HF management.

HERAPEUTIC IMPLICATIONS
F with comorbid RI can be difficult to manage because
oth cardiac and renal function are exquisitely dependent on
irculating volume.26 In these patients, the overall goals of
anagement should be (1) to normalize volume status while

voiding overdiuresis and attendant renal dysfunction and
2) to implement evidence-based pharmacologic and device
herapy to improve patient outcomes.7

An initial consideration is the identification of potentially
eversible factors that may be contributing to cardiorenal

ysfunction. In this regard, it is important to evaluate fluid h
tatus, cardiac output, and evidence of intrinsic renal dis-
ase. The first question that should be answered in the
atient with HF and RI is whether the patient is hypovole-
ic. Diuretics are an integral part of HF therapy. However,

heir overaggressive use or their use in combination with
ther factors, such as an intercurrent illness, frequently
eads to hypovolemia, reducing both cardiac output and
FR.53,54 This hypovolemia should be reversed with fluid
efore irreversible renal damage ensues. A careful physical
xamination and limited echocardiogram with estimation of
ight and left atrial pressures will usually resolve this ques-
ion, although invasive assessment of filling pressures will
ccasionally be necessary.6

The next item to consider is the adequacy of renal per-
usion. Renal perfusion depends on both blood pressure and
ardiac output. If hypotension is present, pressors should be
sed to maintain a systolic blood pressure �80 mm Hg and
mean blood pressure �60 mm Hg.2,31,55 If hypotension is
ot present, then cardiac output should be evaluated. In the
bsence of hypotension, cold extremities are frequently an
ndication of excessive vasoconstriction leading to low car-
iac output and elevated systemic vascular resistance. These
atients often respond favorably to vasodilation.56 Renal
unction may improve as cardiac output and, hence, renal
erfusion increase, and low-normal systolic blood pressure
80 to 90 mm Hg) should be tolerated as long as renal
unction is improving.6

Intrinsic renal disease should be suspected if RI persists
fter abnormalities in volume status, cardiac output, and
ystemic vascular resistance have been corrected. Typically,
his is owing to nephron loss secondary to diabetes, hyper-
ension, or renovascular disease.30,57,58 The presence of
roteinuria usually indicates intrinsic renal disease and is
ssociated with an increased risk for the development of
hronic, progressive RI.59 Depending on the degree of renal
mpairment, these patients may benefit from ultrafiltration
r hemodialysis.6,60

Lastly, the feasibility of discontinuing drugs that contrib-
te to RI, such as aspirin and other NSAIDs, should be
onsidered. ACE inhibitors and ARBs should be discontin-
ed in patients with renovascular disease who develop a
ignificant increase in their serum creatinine level, and these
gents may need to be temporarily reduced or discontinued
n patients who have excessive vasodilation.6,33 However,
iven their long-term beneficial effects in both HF and RI,
herapy with an ACE inhibitor or ARB should be continued
r reinstituted whenever possible.1,3,47,59

iuretics
reating AHFS with comorbid RI often requires the use of
iuretics, inotropes, and/or vasodilators. Volume overload
s a frequent component of both HF and RI and a major
ause of clinical symptomatology. Consequently, diuretics
lay an important role in the treatment of both condi-
ions.1,2,47 Their symptomatic benefit in patients with HF

as led to almost universal clinical acceptance, even though
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heir efficacy and safety have never been evaluated in large-
cale, randomized clinical trials.2

Both HF and RI influence the dose-response curve for
iuretics. RI shifts the curve to the right, while HF shifts the
urve both downward and to the right.61 This not only
ncreases the dose required to produce a diuretic response
ut also decreases the maximum response that can be
chieved, creating a state of relative diuretic resistance.
oreover, this increasing dose requirement and diminished

esponsiveness increases as HF progresses.62 It is also im-
ortant to remember that diuretics have an S-shaped dose-
esponse curve.63 Consequently, for any individual patient
here is a maximum dose above which nothing is gained by
sing larger doses.63 Although HF and RI frequently require
ncreasing doses of diuretics, it is essential to carefully
ssess the therapeutic response to these increases to make
ure that one remains on the steep part of the dose-response
urve.

Use of diuretics involves a delicate balance. The dose
ust be sufficient to achieve effective relief of fluid over-

oad and its ensuing symptoms without stimulating adverse
hysiologic effects. Excessive diuresis produces hypovole-
ia and extracellular fluid contraction, leading to hypoten-

ion, reduced cardiac output, diminished GFR, and further
mpairment of renal function.2,47,53,64 Furthermore, this im-
airment in renal function has been correlated directly with
he reduction in mean arterial blood pressure.64 In addition,
his extracellular fluid contraction increases the adverse

igure 2 Pathophysiologic link between cardiac and renal failure
eceptor blocker; BP � blood pressure; BUN � blood (serum) ure

central venous pressure; DM � diabetes mellitus; GFR � glom
eft ventricular; LVEF � LV ejection fraction; LVH � LV hypertr
Cr � serum creatinine; SVR � systemic vascular resistance.
enal effects of therapeutic agents used in the treatment of o
F, including ACE inhibitors, ARBs, and natriuretic pep-
ides,33,45,47,65,66 as well as enhancing the risk of radiocon-
rast agents.67

Diuretics also stimulate adverse neurohormonal activa-
ion.61,68–70 All diuretics induce extracellular volume con-
raction, which stimulates the secretion of renin while in-
ibiting the secretion of counterregulatory natriuretic
eptides.61 In addition, loop diuretics augment renin secre-
ion through 2 volume-independent mechanisms. They in-
ibit sodium chloride uptake into the macula densa cells, a
entral component of the macula densa–mediated pathway
or renin secretion, and they stimulate the renal production
f prostacyclin, further enhancing the secretion of renin.61

ata from the SOLVD trial demonstrate that diuretics can
nduce adverse neurohormonal activation in patients in
hom it was not present before diuretic administration.69

Finally, diuretics, especially high-dose diuretics, have
een shown to increase mortality risk in patients with HF
nd/or RI.62,67,71 In the SOLVD trial, there was a significant
ncrease in the risk of hospitalization or death due to wors-
ning HF in patients receiving non–potassium-sparing di-
retics compared with those not receiving diuretics (risk
atio, 1.31; 95% CI, 1.09 to 1.57; P � 0.0004).71 In the
rospective Randomized Amlodipine Survival Evaluation
PRAISE), use of high-dose diuretics was associated with
ncreased total mortality (HR, 1.37; P � 0.004), sudden
eath (HR, 1.39; P � 0.042), and pump failure death (HR,
.51; P � 0.034).62 However, the direct effect of diuretics

I � angiotensin converting enzyme inhibitor; ARB � angiotensin
gen; CAD � coronary artery disease; CO � cardiac output; CVP
filtration rate; HF � heart failure; HTN � hypertension; LV �

Na� � sodium; NSAIDs � nonsteroidal anti-inflammatory drugs;
. ACE
a nitro
erular

ophy;
n long-term HF outcomes cannot be established and must
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e determined prospectively. Several studies suggest that a
ontinuous infusion of diuretics is more effective than are
ntermittent boluses.72–79 When diuretic resistance persists,
ltrafiltration should be considered. In patients with mod-
rate-to-severe HF, ultrafiltration has been shown to im-
rove symptoms, hemodynamics, urine output, and diuretic
esponsiveness.60,80–82 Moreover, unlike loop diuretics, ul-
rafiltration produces less long-term neurohormonal activa-
ion.80,81,83

notropes
notropes augment contractility and are an essential compo-
ent of the treatment of low-output HF manifested by car-
iogenic shock. Their role in the treatment of other forms of
F, however, is less clearly established. Inotropes primarily

arget a physiologic parameter (cardiac output) that has not
een associated with either improved symptoms or out-
omes.31,84 They improve short-term hemodynamics but
ncrease the risk of adverse events and mortality.84–88 Pa-
ients hospitalized for ADHF who received milrinone or
obutamine had significantly increased inhospital mor-
ality compared with those who received nitroglycerin or
esiritide after adjusting for differences in baseline co-
ariates and propensity score in an analysis of data from
he ADHERE registry.85 In the ESCAPE trial, after ad-
ustment for renal function and blood pressure, use of
notropic agents was associated with significant increases
n the risk of death (HR, 1.75; 95% CI, 1.05 to 2.92; P �
.032) and death plus rehospitalization (HR, 2.12; 95%
I, 1.52 to 2.97; P�0.001).87 These adverse effects may,

n part, be due to augmentation of the deleterious neuro-
ormonal activation that is already present in patients
ith AHFS. In a multicenter evaluation of patients with

table HF, treatment with levosimendan or dobutamine
as associated with a significant, 23% to 43% increase in
lasma renin levels compared with baseline (P
0.007),89 and in a multicenter evaluation of patients

dmitted for ADHF, dobutamine treatment was associ-
ted with a significant, 31% increase in plasma aldoste-
one levels (P�0.001).90 In selected patients with refrac-
ory low output syndrome and RI, expeditious placement
f a left ventricular assist device may restore clinical

Table 2 Risk of serum creatinine increase in patients receivin
Congestive HF (VMAC) analysis

Diuretic Dose Category

SCr Increase �0.5 mg/d

NES

Low to moderate dose 24/119 (20.2)
High dose 49/149 (32.9)

NES � nesiritide; NTG � nitroglycerin; RR � relative risk; SCr � se
*1 mg/dL � 76.25 �mol/L.
Adapted from J Card Fail.66
tability and reversal of renal dysfunction.91 c
asodilators
asodilators decrease preload and afterload, reducing ven-

ricular work, increasing stroke volume, and augmenting
ardiac output.84 They are indicated in patients with AHFS
ho have signs of congestion and hypoperfusion with ade-
uate blood pressure.2

Nitrates effectively relieve pulmonary congestion, and
heir use, in combination with a low-dose diuretic, has
roved to be more efficacious than high-dose diuretic ther-
py alone in patients with AHFS.2 Nitrate dosing must be
arefully titrated to produce optimal vasodilation because
xcessive or inappropriate vasodilation causes a rapid de-
line in blood pressure with resultant reflexive sympathetic
ctivation and tachycardia, RAAS activation, and fluid re-
ention.2,92,93 In addition, tolerance to nitrates develops
uickly, especially when they are given intravenously in
igh doses, generally limiting the duration of effectiveness
o 24 to 48 hours and necessitating central hemodynamic
onitoring in an intensive care unit setting.2,93

Human B-type natriuretic peptide (hBNP) is a counter-
egulatory hormone produced by the ventricles in response
o pressure and volume load.2,51 In patients with HF, hBNP
roduces balanced vasodilation, improves cardiac output,
nd inhibits activity of the RAAS, sympathetic nervous
ystem, and endothelin system.2,94–98 Renal effects are vari-
ble and may depend on underlying volume status and renal
unction. In patients with HF, hBNP has been reported to
ither decrease99 or maintain renal blood flow and/or
FR94,97,98,100,101 and to either maintain94,101 or increase
rinary sodium and/or water excretion.96–98

Nesiritide is a recombinant form of hBNP. In a small
valuation of 13 patients with HF who underwent cardiac
atheterization, nesiritide exerted a renal vasodilatory ef-
ect, which maintained renal blood flow despite a significant
ecrease in renal perfusion pressure.100 In a meta-analysis
ncluding supratherapeutic doses of nesiritide, risk of acute
erum creatinine elevation paralleled the prevalence of
ymptomatic hypotension102; in an analysis of data from the
asodilation in the Management of Acute Congestive HF

VMAC) trial, the risk of acute serum creatinine elevation
as significantly increased in patients treated with nesiritide
ho received high-dose diuretics (Table 2).66 It is not yet

dilator: the Vasodilation in the Management of Acute

%)

NES/NTG RR (95% CI) P value

(21.0) 0.96 (0.55–1.66) 0.975
(21.4) 1.50 (1.00–2.25) 0.044

atinine.
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L,* n (

NTG

17/81
28/131
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lear whether the observed increase in creatinine is associ-
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ted with adverse outcomes. In a pooled analysis of 5
andomized nesiritide trials, increases in serum creatinine
�0.5 mg/dL) that occurred in patients treated with nesirit-
de were not associated with an increased risk of mortality
t 30 days.103

UMMARY
atients admitted to a hospital for AHFS frequently have
omorbid RI, and this insufficiency significantly influences
oth treatments and outcomes. Compared with patients with
F who have normal renal function, patients with comorbid
I have significantly increased morbidity and mortality, but
vidence-based data to guide management decisions in
hese patients are lacking. There is a compelling need for
dditional studies in this population to create alternative
ethods for fluid removal in volume-overloaded patients; to

evelop better strategies to manage existing and prevent
uture RI, including the development of renal-protective
edications; and to reduce the morbidity and mortality

ssociated with AHFS and comorbid RI.
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