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 Abstract 
  Background:  Cardiorenal syndrome (CRS) encompasses conditions in which cardiac and 
renal disorders co-exist and are pathophysiologically related. The newest classification of 
CRS into seven etiologically and clinically distinct types for direct patient management pur-
poses includes hemodynamic, uremic, vascular, neurohumoral, anemia- and/or iron metab-
olism-related, mineral metabolism-related and protein-energy wasting-related CRS. This 
classification also emphasizes the pathophysiologic pathways. The leading CRS category 
remains hemodynamic CRS, which is the most commonly encountered type in patient care 
settings and in which acute or chronic heart failure leads to renal impairment.  Summary:  
This review focuses on selected therapeutic strategies for the clinical management of he-
modynamic CRS. This is often characterized by an exceptionally high ratio of serum urea to 
creatinine concentrations. Loop diuretics, positive inotropic agents including dopamine and 
dobutamine, vasopressin antagonists including vasopressin receptor antagonists such as 
tolvaptan, nesiritide and angiotensin-neprilysin inhibitors are among the pharmacologic 
agents used. Additional therapies include ultrafiltration (UF) via hemofiltration or dialysis. 
The beneficial versus unfavorable effects of these therapies on cardiac decongestion versus 
renal blood flow may act in opposite directions. Some of the most interesting options for 
the outpatient setting that deserve revisiting include portable continuous dobutamine infu-
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sion, peritoneal dialysis and outpatient UF via hemodialysis or hemofiltration.  Key Messag-
es:  The new clinically oriented CRS classification system is helpful in identifying therapeutic 
targets and offers a systematic approach to an optimal management algorithm with better 
understanding of etiologies. Most interventions including UF have not shown a favorable 
impact on outcomes. Outpatient portable dobutamine infusion is underutilized and not well 
studied. Revisiting traditional and novel strategies for outpatient management of CRS war-
rants clinical trials.  © 2015 S. Karger AG, Basel 

 Introduction 

 Cardiorenal syndrome (CRS) denotes conditions in which acute or chronic failure of 
either heart or kidney leads to the development and progression of the other organ’s 
dysfunction  [1, 2] . This interaction in CRS has traditionally been explained by hemodynamic 
factors as manifested by low cardiac output syndrome. However, clinical presentations 
where concomitant cardiac and kidney dysfunction exist include heterogeneous conditions, 
and hence more complex bidirectional interplays between the heart and the kidney have 
been recognized through a number of physiologic, biochemical, structural and hormonal 
abnormalities in the pathogenesis of CRS ( fig. 1 )  [3, 4] . This review first highlights the 
recently proposed concept of newer CRS categorization based on underlying pathophysi-
ology, which would be of help in identifying therapeutic targets and in developing treatment 
and management algorithms  [2] . We then focus on current and potential future treatment 
strategies and their therapeutic targets in the management of decompensated heart failure 
(DHF), the management of which still remains a significant challenge in CRS  [5] . The phar-
macologic and non-pharmacologic regimens discussed in this review are summarized in 
 table 1 .

Hemodynamic factors

Uremia

Atherosclerotic factors

Thromboembolism

Endothelial dysfunction

Electrolyte disorder

Autonomic disorder

Metabolic acidosis

Anemia

Iron metabolism disorder

Mineral metabolism disorder

Protein-energy wasting

Genetic factors

Kidney dysfunction
Cardiac dysfunction

  Fig. 1.  Putative pathophysiologic connections in CRS. 
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 Table 1.  Pharmacologic and non-pharmacologic regimens for CRS discussed in this review

Dose/frequency Adverse effects Special consideration

Pharmacologic regimens
Loop diuretics Intravenous:

Starting 2.5 times dose of 
chronic oral dose followed by 
boluses at intervals of 6 – 8 h or 
continuous infusion. If urine 
output is <1 ml/kg/h, double 
as necessary to a maximum of 
80 – 160 mg/h.

Electrolyte disturbances, 
arrhythmias, hearing 
impairment, tinnitus, 
hematologic disorders, 
dermatologic diseases, 
tubulointerstitial 
nephritis.

Need serial assessments 
and dose adjustments 
based on symptoms, 
urine output and volume 
status.

Dopamine Intravenous:
5 – 15 μg/kg/min (increased 
systemic vascular resistance at 
>10 μg/kg/min).

Tachyarrhythmias, 
headache, nausea, 
cardiac ischemia, tissue 
necrosis.

Drug interaction with 
MAO-I.

Dobutamine Intravenous:
2.5 – 20 μg/kg/min (decreased 
systemic vascular resistance at 
<5 μg/kg/min).

Hypertension, 
hypotension, 
tachyarrhythmias, 
headache, nausea, fever, 
hypersensitivity.

Drug interaction with 
MAO-I; contraindication 
for sulfite allergy.

Levosimendan Intravenous:
6 – 24 μg/kg over 10 min 
followed by a continuous 
infusion of 0.05 – 0.2 μg/kg/min, 
adjusted according to response.

Hypotension, headache, 
nausea, arrhythmias.

Avoid use with other 
vasodilators; not 
currently available in the 
U.S.

Tolvaptan Oral:
15 mg once daily; after at least 
24 h, may be increased to 30 mg 
once daily to a maximum of 
60 mg once daily titrating at 
24-hour intervals.

Hepatotoxicity, 
hypernatremia, 
hypersensitiv ity, nausea, 
weakness, fever, 
anorexia.

Do not use for more than 
30 days due to the risk 
of hepatotoxicity; do not 
use with strong CYP3A 
inhibitors; monitor 
closely for rate of serum 
sodium increase and 
neurological status.

Nesiritide Intravenous:
2 μg/kg (bolus optional) 
followed by continuous infusion 
at 0.01 μg/kg/min. 

Hypotension, rise in 
serum creatinine, 
headache, nausea, 
hypersensitivity.

Blood pressure should 
be closely monitored; 
hypotensive effects may 
last for several hours.

Sacubitril/valsartan Oral:
Start with 49/51 mg (sacubitril/
valsartan) twice daily. Double 
the dose after 2 – 4 weeks, as 
tolerated by the patient.

Hypotension, 
hyper kalemia, 
cough, dizziness, 
renal failure.

Do not use with an 
angiotensin-converting 
enzyme inhibitor; do not 
use with aliskiren in 
patients with diabetes; 
avoid use with an 
angiotensin receptor 
blocker.

Non-pharmacologic regimens
RRT (UF, intermittent 
HD, sustained 
low-efficiency dialysis, 
continuous HD, 
peritoneal dialysis

Indicated when refractory to 
medical therapy.

Volume depletion, 
hypotension, 
hypo kalemia and/or 
hypophosphatemia (HD).

Consultation with a 
nephrologist is 
appropriate before 
initiation.

Fluid and sodium 
restriction

<1.5 to 2.0 g/day of sodium, 
<1.5 to 2.0 l/day of water.

Hypotension, 
hyponatremia, RAAS 
activation?

Individualize based on 
serum sodium level and 
diuretic resistance.
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  The New Clinically Oriented CRS Classification 

 Chronic kidney disease (CKD) and ‘worsening renal function’ or ‘renal impairment’ 
(terms used often by cardiologists as equivalent to acute kidney injury [AKI]) is highly prev-
alent in patients with heart failure (HF)  [6–8] . This so-called hemodynamic CRS is usually 
associated with diuretic therapy resistance, high rates of cardiovascular events and recurrent 
AKI as well as poor outcomes, including high mortality  [9] . Hemodynamic CRS involves both 
hemodynamic and non-hemodynamic mechanisms  [10] . Several definitions and classifica-
tions of CRS have been advanced in recent years. Based on Ronco et al.’s 2008 classification 
 [1] , acute decompensated heart failure (ADHF) with worsening renal dysfunction can be cate-
gorized as ‘type 1’ without clear understanding of underlying mechanisms or pathophysi-
ology since this clinical classification system was designed based on the primarily impaired 
organ (heart or kidney) and the time frame of the condition (acute or chronic)  [4] . However, 
those derangements in the heart, kidneys, neurohumoral systems and other relevant pathways 
are already involved as contributing pathophysiologic factors at the time of clinical presen-
tation, and it currently seems difficult to identify the initiator and its consequence in the 
complex network of CRS. Therefore, these clinical descriptive types of classification systems 
can be challenging in terms of practicality and clinical applicability and should be considered 
‘a temporary, operational expedient’ in the absence of any mechanistic alternative  [11] .

  The new classification system for CRS, recently proposed by Hatamizadeh et al.  [2] , is a 
functional and clinically oriented classification with direct application in patient care 
management  [4] . It has been developed for clinical purposes to identify the main manifes-
tation to be treated at the time of clinical evaluation, emphasizing the pathophysiologic 
pathways to classify CRS into seven distinct categories: (1) hemodynamic, (2) uremic, (3) 
vascular, (4) neurohumoral, (5) anemia- and/or iron metabolism-related, (6) mineral metab-
olism-related and (7) protein-energy wasting-related CRS ( table 2 ). This classification system 
offers a systematic approach to an optimal treatment and management algorithm with better 
understanding of etiologies.

  In the case of hemodynamic CRS, for example, the initial therapeutic strategy should mainly 
focus on hemodynamic abnormalities, including correction of volume overload and vasodilators 
as well as short-term inotropic agents if necessary. It is important to note that CKD or AKI, espe-
cially if oligo-anuric, can also lead to fluid overload and a clinical manifestation similar to ADHF, 
but this scenario is described under ‘uremic CRS’ under the new classification, and dialysis or 
ultrafiltration (UF) should be prescribed to treat patients. After that, the new classification 
system can also identify other potential targets, namely coronary or renal artery diseases 
(vascular CRS) and several neurohumoral pathways including the renin-angiotensin-aldo-
sterone system (RAAS), vasopressin and the sympathetic nervous system (neurohumoral CRS) 
 [12] . Neurohumoral changes are initially physiologic compensatory mechanisms, but become 
harmful at some point by initiating and maintaining a vicious circle  [2] . Anemia is an important 
prognosticator in HF patients  [13] , and derangements in iron metabolism are common in 
patients with CKD and/or HF (anemia- and/or iron metabolism-related CRS)  [14] . Indeed, iron 
supplementation to patients with symptomatic HF improves symptoms and reduces the inci-
dence of hospitalization, which was more pronounced in patients with CKD  [15] . In patients 
with end-stage renal disease, both hyperphosphatemia and hypercalcemia induce medial artery 
calcification and increase arterial stiffness, and markedly elevated fibroblast growth factor 23 
(FGF23) may lead to left ventricular hypertrophy and increase the risk of HF (mineral metab-
olism-related CRS)  [16] . Finally, multiple nutritional and catabolic alterations in patients with 
CKD and/or HF lead to protein-energy wasting, which is a strong risk factor for morbidity and 
mortality  [17, 18] . Established and potential treatment strategies and targets as well as potential 
harms corresponding to the respective category are also listed in  table 2 .
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 Table 2. The new CRS classification system proposed by Hatamizadeh et al. (edited from reference [2]), and corresponding treatment 
strategies and potential harms

CRS category (subclass)
[subcategory]

Manifestation examples Current strategies Potential strategies Potential harms

Hemodynamic (acute/chronic)
kidney injury due to low 
cardiac output, fluid 
retention due to kidney 
dysfunction

short-term inotropic 
agents, diuretics, UF, 
vasodilators, ACE 
inhibitors or ARBs, 
aldosterone receptor 
blockers, digoxin, 
mechanical circulatory 
assist devices, cardiac 
resynchronization, heart 
transplantation, kidney 
transplantation

vasopressin receptor 2 
antagonists, natriuretic peptides, 
neprilysin inhibition, endothelin-
receptor antagonists, luso-
inotropic agents, cardiac myosin 
activators, ryanodine-receptor 
stabilizers, direct renin inhibitors, 
recombinant relaxin, recombinant 
neuregulin-1, recombinant 
relaxin-2, angiotensin(1 – 9)

dual/triple RAAS 
blockade, 
antiarrhythmic drugs 
(except for 
amiodarone and 
dofetilide), calcium-
channel blockers 
(except for 
amlodipine), NSAIDs, 
thiazolidinediones, 
long-term inotropic 
agents

Uremic (acute/chronic)
uremic cardiomyopathy, 
uremic pericarditis, uremic 
pleuritis

dialysis, kidney 
transplantation

uremic toxin absorbents high-protein diet

Vascular (acute/chronic)
[Atherosclerotic]
[Thromboembolic]
[Endothelial dysfunction]

coronary artery disease, 
renal artery stenosis, renal 
artery thrombosis

statins, antiplatelets, 
anticoagulants, 
nitroglycerin, 
conventional 
atherosclerotic risk 
factor modifications

endothelin receptor antagonists, 
ACE inhibitors or ARBs, 
aldosterone receptor blockers, 
exercise training, correction of 
pump failure, correction of 
anemia

smoking

Neurohumoral (acute/chronic)
[Electrolyte]
[Autonomic]
[Acid-base]

abnormal serum potassium 
level, abnormal serum 
calcium level, abnormal 
serum magnesium level, 
increased catecholamine, 
activated RAAS, metabolic 
acidosis

ACE inhibitors or ARBs, 
aldosterone receptor 
blockers, beta-blockers, 
ion exchange resins, 
bicarbonate, citrate

adenosine A1 receptor 
antagonists, direct renin 
inhibitors, renal denervation, 
hypertonic saline

long-term inotropic 
agents, ACE inhibitors 
or ARBs, aldosterone 
receptor blockers

Anemia- and/or iron metabolism-related (acute/chronic)
[Nutrient deficiency]
[Inflammation]
[Renal anemia]

iron deficiency, folate 
deficiency, infection, renal 
tubular injury

iron, folic acid, 
erythropoiesis-
stimulating agents, red 
blood cell transfusion

anti-inflammatory interventions, 
anti-hepcidin therapy, activin A 
pathway modulation, HIF system 
regulation, carnitine, 
cyanocobalamin, vitamin C

ACE inhibitors or 
ARBs, aldosterone 
receptor blockers

Mineral metabolism (mostly chronic)
hyperphosphatemia, 
hypercalcemia, vitamin D 
deficiency, elevated FGF23

phosphate binders, 
calcimimetics, intense 
dialysis, active vitamin D 
compounds, dietary 
modification, kidney 
transplantation

cholecalciferol, ergocalciferol, 
magnesium, FGF23 pathway 
regulation, Klotho, Na+/Pi 
cotransporter inhibition

calcium, warfarin, 
overdosed active 
vitamin D

Protein-energy wasting (mostly chronic)
see reference [18] omega-3 fatty acids, 

exercise training, volume 
overload correction

coenzyme Q10, nutritional 
supplementation, growth 
hormone, anabolic steroids, 
appetite stimulants, anti-
inflammatory interventions, 
antioxidative agents, myostatin 
inhibitors

 ACE = Angiotensin-converting enzyme; ARBs = angiotensin receptor blockers; HIF = hypoxia-inducible factor; NSAIDs = non-steroidal anti-
inflammatory drugs.
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  Established Treatment Strategies 

 Positive Inotropic Agents 
 Positive inotropic agents (i.e. dopamine, dobutamine, milrinone and levosimendan) 

increase cardiac contractility, but their routine use in patients with ADHF is not recommended 
due to concerns about their safety  [19] . Indeed, use of positive inotropes is shown in some 
but not all studies to be associated with mortality in patients with ADHF  [20, 21] . Although 
these findings are likely the result of confounding by indication in these observational studies, 
a randomized clinical trial (RCT) revealed that milrinone did not improve survival or hospi-
talization rate, but increased sustained hypotension and arterial arrhythmia  [22] . Never-
theless we advocate the short-term administration of selected inotropic agents, especially 
dobutamine as continuous intravenous infusion, for DHF with low cardiac output syndrome; 
this intervention agent may improve and maintain systemic perfusion and preserve end-
organ function in ADHF patients with severe systolic dysfunction or symptomatic hypo-
tension  [19, 23, 24] . Worsening renal function often indicates a drop in renal perfusion from 
low cardiac output in the setting of hemodynamic CRS, and these positive inotropes are often 
used in clinical practice to manage patients with reduced cardiac output and kidney 
dysfunction. We suggest the use of intravenous dobutamine even as an outpatient portable 
infusion upon discharging the patient to a home or nursing home setting.

  It is important to note that no specific inotropes are suggested in the 2013 American 
College of Cardiology Foundation/American Heart Association (ACCF/AHA) HF guidelines 
 [19] . The synthetic catecholamine dobutamine, known as Dobutrex ® , has been commonly 
used in clinical practice. It stimulates myocardial β1 adrenergic receptors and some α1 
receptors, resulting in increased contractility and heart rate. In the vasculature, the effects of 
dobutamine on β2 stimulation may be equal to or slightly greater than those on α1 stimu-
lation, which results in some vasodilation and lowered central venous and wedge pressure, 
particularly at lower doses ( ≤ 5 μg/kg/min). Additional points on inotropes are discussed 
below, including low-dose dopamine, levosimendan and the administration to outpatients 
with end-stage HF as a palliative measure.

  Low-Dose Dopamine 
 Dopamine is an endogenous central neurotransmitter that has dose-dependent effects on 

both α- and β-adrenergic receptors as well as dopaminergic receptors. Dopamine increases 
cardiac output at doses in the range of 5–10 μg/kg/min primarily by increasing stroke vol-
ume, with variable effects on heart rate  [25] . It also increases renal blood flow and promotes 
natriuresis by stimulating the dopaminergic D1 and D2 receptors in the kidneys at doses 
of 2–10 μg/kg/min.

  The clinical significance of low-dose or so-called ‘renal-dose’ dopamine has remained 
controversial and without any clear consensus. Previous RCTs have suggested that low-dose 
dopamine may enhance diuresis and protect the kidneys in patients with DHF and reduced 
ejection fraction. In the Dopamine in Acute Decompensated Heart Failure (DAD-HF) trial, the 
combination of low-dose furosemide (5 mg/h) and low-dose dopamine (5 μg/kg/min), when 
compared to high-dose furosemide (20 mg/h), showed equivalent effects on urine output and 
decongestion during 8-hour treatment, but worsening renal function was less frequent in the 
combination treatment with low-dose dopamine  [26] . It should be noted that participants 
had reduced left ventricular ejection fraction (mean 35%) but mild kidney dysfunction (mean 
estimated glomerular filtration rate of 58 ml/min/1.73 m 2 ). The Renal Optimization Strat-
egies Evaluation (ROSE) trial enrolled patients with similar characteristics (mean ejection 
fraction of 35% and mean glomerular filtration rate of 45 ml/min/1.73 m 2 ) and showed 
consistent results in terms of diuresis and decongestion; 72-hour low-dose dopamine admin-
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istration (2 μg/kg/min) did not enhance decongestion compared to placebo under the use of 
intravenous loop diuretics with a recommended practical dose (equal to 2.5 times the oral 
outpatient furosemide dose). Additionally, low-dose dopamine therapy did not show any 
significant renoprotective benefits evaluated by the co-primary endpoints of cumulative 
urine volume and change from baseline plasma cystatin C  [27] . Nevertheless, there appeared 
to be effect modification by ejection fraction and systolic blood pressure, and dopamine 
therapy may offer benefit to patients with reduced ejection fraction and low systolic blood 
pressure just as stated in the guidelines  [19, 23, 24] . Another important lesson from this trial 
is that low-dose dopamine is not renal-specific; the patients who received low-dose dopamine 
experienced an increased incidence of tachycardia.

  Levosimendan 
 Levosimendan is a calcium sensitizer and possesses both positive inotropic and vasodi-

lator effects. Several clinical trials and their meta-analyses have reported its clinical efficacy, 
including improved cardiac performance, rapid symptom relief, reduced hospital stays and 
better survival in patients with ADHF  [28, 29] . It also increases renal blood flow and glomeru-
lar filtration rate as other positive inotropes do  [30] . When compared to dobutamine, le-
vosimendan improved hemodynamic performance and reduced B-type natriuretic peptide 
more rapidly  [31, 32] . Although one trial also showed its survival benefit  [31] , this was not 
confirmed in the most recent large multinational trial  [32] . Nevertheless, levosimendan may 
be more beneficial than dobutamine for treating ADHF patients with a history of prior ADHF 
or those on beta-blockers  [33] . Its adverse effects include hypotension and arrhythmias, and 
it may increase mortality in patients with low systolic blood pressure  [32] .

  Inotropes for Outpatients 
 Experimental data suggest that inotropic stimulation may impair the development of 

myocardial hibernation and precipitate myocardial infarction by both increasing ischemia 
severity and enhancing energy expenditure  [34] . Therefore inotropes are suggested as a 
bridge to definitive therapy such as coronary revascularization, mechanical circulatory 
support and heart transplantation, and long-term inotrope use is generally not indicated due 
to its potential harm  [35, 36] . Nevertheless, portable continuous intravenous dobutamine 
treatment could be used as a palliative measure in patients with more severe cases of HF  [19] . 
One of the authors (K.K.Z.) has used portable continuous intravenous infusion of dobutamine 
in advanced to near-terminal HF patients with severe hemodynamic CRS with serum urea to 
creatinine ratios >50, but well-designed studies and case series are urgently needed. One 
small RCT also showed that a weekly 6-hour infusion of levosimendan offers significantly 
better survival to end-stage HF patients than dobutamine alone or their combination, sug-
gesting intermittent levosimendan treatment as another palliation in this population  [37] .

  Loop Diuretics: Dose and Frequency 
 Loop diuretics (furosemide, torsemide and bumetanide) reduce sodium and chloride reab-

sorption in the thick ascending limb of the loop of Henle by inhibiting the apical Na + -K + -2Cl –  
co-transporter, leading to the excretion of up to 20–25% of filtered sodium at maximum dose. 
Given the contributions of increased central venous pressure and increased intra-abdominal 
pressure  [38] , correcting volume overload is of particular importance in ADHF patients with 
hemodynamic CRS, and these agents have been the first-line therapy of ADHF. Whereas in some 
cases renal function may improve by shifting the Frank-Staling curve of the DHF to the left, which 
will lead to improved renal perfusion ( fig. 2 a), in many other cases renal function may deteri-
orate, with worsening kidney function resulting in an even higher urea to creatinine ratio and 
worsening oliguria to the point of AKI as more aggressive diuretic therapy or UF ensues ( fig. 2 b).
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  Patients who have developed ADHF may respond to these diuretics less than before 
because low cardiac output limits the diuretic delivery to the kidney and activates the RAAS 
and the sympathetic nervous system, which increases renal sodium reabsorption. Interstitial 
edema in the gastrointestinal tract, if present, may also delay the absorption of oral loop 
diuretics. Therefore, many expert clinicians recommend administering intravenous loop 
diuretics at a dose of 2.0–2.5 times the oral outpatient dose in the setting of ADHF. Since the 
onset and peak of diuresis is within 30 min and at 1–2 h, respectively, initial therapy should 
be followed by re-assessment of response. However, there is little available evidence to 
support a particular frequency and dose of diuretic therapy in ADHF patients, and practice 
patterns vary widely among physicians and centers.

  Intermittent Bolus Administration 
 Furosemide, the most commonly used short-acting loop diuretic, promotes significant 

natriuresis over 6 h (hence the commercial name ‘LaSix’ was created to suggest ‘last 6 h’). 
However, urinary sodium excretion falls to very low levels thereafter in normal subjects  [39] . 
This reduction of sodium excretion is attributed to the activation of the RAAS and the sympa-
thetic nervous systems by volume depletion. Less frequent bolus injection of high-dose loop 
diuretics in patients with ADHF may also induce transient volume depletion and hypotension 
by virtue of pulse diuresis exceeding plasma refill, resulting in less net sodium excretion  [40] . 
Moreover, a higher cumulative dose may be needed to surpass the needed threshold of 
glomerular filtration of furosemide into the lumen, as loop diuretics act from the luminal side 
of the tubule by modulating the Na + -K + -2Cl –  transporter complex. Therefore, more frequent 
administration (i.e. three or more times per day, such as every 6–8 h) is supposed to enhance 
the negative sodium balance. The same is true for oral furosemide therapy in outpatients with 
chronic HF.

  Continuous Administration 
 Continuous administration of intravenous loop diuretics is an alternative to intravenous 

bolus injection that may induce greater and more sustained diuresis over time, allowing for 
more steady-state fluid removal  [40] . Additionally, the risk of hearing loss or tinnitus, an 
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important adverse effect of high-dose loop diuretics, may be lower with continuous adminis-
tration than with bolus injection  [41] .

  The Diuretic Optimization Strategies Evaluation (DOSE) trial simultaneously evaluated 
the effect of continuous (versus every 12 h bolus) furosemide administration and the effect 
of high-dose (vs. low-dose) furosemide therapy in patients with ADHF  [42] . Low and high 
dose were defined as equivalent to and 2.5 times the patient’s previous oral dose, respec-
tively, but dose adjustments were allowed after 48 h. Compared to the continuous infusion 
strategy, the bolus injection strategy required a higher total furosemide dose over the course 
of 72 h, resulting in similar diuresis and clinical outcomes. Meanwhile, the high-dose strategy 
was associated with greater diuresis and better secondary outcomes than the low-dose 
strategy. There was also a trend toward better patients’ global assessment of symptoms with 
the high-dose strategy, but this also appeared to be associated with a transient increase in 
serum creatinine which almost disappeared after day 7.

  There are two other recent small RCTs comparing the continuous and bolus intravenous 
furosemide administration strategy. One study showed that continuous infusion induced 
greater diuresis but was associated with subsequent worsening in renal function, high rates 
of re-hospitalization and poor survival after 6 months  [43] . The other study showed no sig-
nificant difference in study outcomes  [44] . A meta-analysis adding the DOSE study and these 
two small RCTs showed an association of continuous infusion with greater weight loss but 
not with other efficacy endpoints  [45] .

  Currently available studies do not identify differences in strategies, but several method-
ological concerns should be noted in the previous RCTs. An initial bolus furosemide injection 
before starting continuous infusion is important to determine the diuretic responsiveness 
and to quickly achieve therapeutic drug concentrations, especially in highly diuretic-resistant 
patients  [46] . Indeed, a subanalysis of the DOSE study suggested that the bolus injection 
strategy may increase diuresis in patients who have received high-dose loop diuretics before 
admission  [47] . The importance of initial high-dose bolus furosemide injection was also 
recently acknowledged as a ‘furosemide stress test’ which discriminates patients with 
progressive AKI from the others  [48] . However, this initial bolus injection was not imple-
mented along the continuous infusion strategy in most studies. The study dose of furosemide 
was also often fixed during a certain period, which may have brought about poor patient 
management. For example, the DOSE study fixed furosemide doses until after 48 h, but this 
may be insufficient given the high prevalence (85%) of persistent congestion on day 3  [49] . 
These study procedures were inconsistent with clinical practice.

  The ultimate goal of diuretic treatment in patients with ADHF is to achieve an optimal 
volume status individualized to patients with various degrees of cardiac dysfunction, without 
inducing significant adverse effects such as hypotension, arrhythmias due to electrolyte 
disturbances and ototoxicity. In this regard, the findings of previous RCTs remind us that 
serial assessments and individualized adjustments of dose and frequency should be imple-
mented as necessary after the initial intravenous bolus loop diuretic injection  [19] .

  Fluid Removal via Renal Replacement Therapy 
 Ultrafiltration 
 UF is ‘indicated’ in patients with diuretic-resistant volume overload due to ADHF and 

kidney injury. Compared to pharmacologic diuretic therapy, UF offers definite, adjustable 
isotonic fluid removal through convection (via hemofiltration) or diffusion (via reverse 
osmosis during dialysis) of plasma across a semipermeable membrane, and thus maintains 
electrolyte levels especially in the case of convection. Most previous studies have used UF 
rates of up to 500 ml/h, in which case a central venous catheter is not necessary because a 
peripheral catheter placed in the antecubital fossa often offers an adequate blood flow rate of 
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40 ml/min  [50, 51] . This makes UF implementable outside the intensive care unit setting 
without specialized nursing. Nevertheless, compulsory fluid removal by UF may lead to 
volume depletion and hypotension, resulting in ischemic organ damage including worsening 
renal perfusion ( fig. 2 ).

  The clinical efficacy of early initiation of UF in ADHF has been evaluated in four RCTs 
where patients exhibited mild kidney dysfunction at baseline (mean serum creatinine levels 
of 1.5–2.0 mg/dl)  [51–54] . Compared to ‘usual’ or ‘standard’ therapy, UF up to 500 ml/h 
offered a greater amount of fluid removal in two studies  [51, 52] , resulting in better 
improvement in dyspnea and HF symptoms at 48 h in one study  [52]  and less re-hospitaliza-
tions for HF and unscheduled visits at 90 days in the other  [52] . Both studies showed no 
significant difference in serum creatinine levels between groups. In contrast, in the Cardio-
renal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF), which compared 
slow continuous UF to ‘stepped pharmacologic therapy’ in patients with persistent congestion 
and worsening renal function, fluid and weight loss was similar between the two groups, and 
the UF groups experienced a higher increase in serum creatinine levels at 96 h and more 
adverse events  [53] . These results apparently conflict with previous studies, but it should be 
noted that the maximum UF rate was lower in previous studies (200 ml/h vs. 500 ml/h) and 
that the pharmacologic therapy group showed a mean urinary volume of approximately 
3,000 ml/day throughout the intervention period, which led to equivalent fluid removal 
between groups. Additionally, the stepped pharmacologic therapy algorithm included not 
only loop and thiazide diuretics but also vasodilator and inotropic agents, all of which were 
prohibited in the UF group. Furthermore, serum cystatin C levels, a sensitive marker of early 
kidney dysfunction, showed no significant difference between the intervention arms, ques-
tioning whether UF indeed worsened kidney function in this study. In contrast, the Continuous 
Ultrafiltration for Congestive Heart Failure (CUORE) trial showed that patients who received 
UF as first-line therapy and not as rescue therapy as in the other trials experienced less wors-
ening of renal function and a decreased incidence of re-hospitalization during 1 year after 
discharge despite similar body weight reduction compared to patients who received standard 
therapy  [54] . However, the underlying mechanisms for these results remained unclear. These 
favorable long-term effects of UF as a first-line therapy should be validated by further trials 
because the small sample size of that trial was determined without any evidence or data to 
support their assumption (8% re-hospitalization rate in the UF group).

  Given the risk of adverse events and RAAS activation  [55] , the available evidence does 
not appear to support the implementation of a mechanical fluid removal strategy for ADHF 
or CRS when an adequate amount of urine volume is anticipated with available pharmaco-
logic therapy. This is consistent with the statement in the 2013 ACCF/AHA HF guidelines  [19] .

  Dialysis 
 In case of more advanced AKI, the Kidney Disease: Improving Global Outcomes (KDIGO) 

clinical practice guidelines state that dialysis, not UF alone, should be initiated to treat or 
prevent life-threatening signs such as uremic symptoms (i.e. pericarditis, pleuritis and 
encephalopathy), hyperkalemia and severe metabolic acidosis as well as fluid overload  [56] . 
The broader clinical context, the presence of conditions modifiable with dialysis and trends 
of laboratory tests, rather than single urea or creatinine thresholds alone, should be considered 
in making this decision. Additionally, we believe that trends in urinary volume, especially in 
the first few hours of treatment, are of particular importance in the settings of ADHF with 
kidney dysfunction.

  Despite initial enthusiasm about the use of ‘peritoneal dialysis’ as a gentler fluid removal 
strategy  [57] , to date no specific form of renal replacement therapy (RRT), be it peritoneal 
dialysis or hemodialysis (HD), has been shown to increase overall or subsequent dialysis-free 
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survival among critically ill patients with AKI  [58, 59] . Therefore, selection of the RRT modality 
primarily depends on local expertise and availability of staff and equipment for a specific 
treatment as well as the patient’s hemodynamic status, and intermittent and continuous RRT 
should be implemented as a complementary therapy in patients with AKI or decompensated 
CKD  [56] . Meanwhile, a recent systematic review demonstrated the association of continuous 
RRT with lower incidence of developing end-stage renal disease in AKI survivors  [60] . Given 
that slower solute clearance and fluid removal with continuous therapy reduces the risk of 
systemic hypotension during treatment and permits superior management of body fluid 
volume  [61] , continuous RRT may lead to better clinical outcome in patients at risk of unstable 
hemodynamic conditions such as ADHF.

  Recent studies also support this hypothesis. In a multicenter RCT, patients in an intensive 
care unit with kidney dysfunction (serum creatinine >2 mg/dl) were randomly allocated to 
intermittent or continuous hemodiafiltration. Although continuous treatment showed no 
significant benefit overall, a pre-specified subgroup analysis showed a trend toward lower 
mortality in patients with HF  [62] . Another study retrospectively examined critically ill 
patients who initiated RRT for AKI and subsequently survived 90 days, and found that the risk 
of developing end-stage renal failure was lower among continuous treatment recipients than 
propensity-matched intermittent HD recipients  [63] . Moreover, the association of continuous 
treatment with lower risk of end-stage renal disease was pronounced in patients with prior 
HF but lost significance in those without prior HF.

  Prolonged intermittent HD, often termed sustained low-efficiency dialysis, has been 
proposed as another alternative modality for AKI  [64, 65] . A RCT performed in surgical 
intensive care units showed that prolonged intermittent HD for patients with AKI, compared 
to continuous hemofiltration, provided similar hemodynamic stability and 90-day mortality 
and reduced medical cost and nursing time  [66] . These results were consistent with previous 
observational studies including non-surgical critically ill patients  [67, 68] . Nevertheless, 
there is still little evidence for this modality in patients with severe ADHF. Given its economic 
advantage, well-designed, adequately powered RCTs are necessary to evaluate the clinical 
efficacy of prolonged intermittent HD in this population.

  Salt and Fluid Restriction: Beneficial or Harmful? 
 The neurohumoral changes in HF limit both sodium and water excretion. Arginine vaso-

pressin directly enhances water reabsorption in the collecting duct, whereas angiotensin II 
and norepinephrine increase proximal sodium and water reabsorption and thereby decrease 
sodium delivery to the distal tubule. Increased angiotensin II levels also stimulate thirst, 
leading to enhanced water intake. Therefore, fluid restriction in conjunction with sodium 
restriction contributes to better volume management with diuretics  [69] , and fluid restriction 
also counteracts hyponatremia, which is relatively common in severe HF and associated with 
poor outcomes  [70] .

  Several guidelines for the management of HF proposed daily sodium and fluid intake 
restriction (<1.5 to 2.0 g/day and <1.5 to 2.0 l/day, respectively) in symptomatic or hospi-
talized HF patients  [19, 23, 24] . However, there are insufficient data to endorse these specific 
restriction levels. The efficacy of severe fluid restriction (<1 l/day) with or without sodium 
restriction was evaluated in two RCTs, but neither study showed any benefit  [71, 72] . Another 
systematic review evaluating the effect of sodium restriction on renal outcomes in diverse 
populations also showed that there is reasonable evidence to support an association between 
high sodium intake (>4.6 g/day) and adverse renal outcomes, but not between low sodium 
intake and better renal outcomes  [73] . It should be noted that sodium restriction appears to 
have competing effects on both the heart and the kidney, lowering blood pressure and acti-
vating the RAAS. Sodium and fluid restriction may also interact with other dietary factors, 



94Cardiorenal Med 2016;6:83–98

 DOI: 10.1159/000441283 

 Obi et al.: Current and Potential Therapeutic Strategies for Hemodynamic Cardiorenal 
Syndrome 

www.karger.com/crm
© 2015 S. Karger AG, Basel

especially in CKD patients who have other dietary restrictions. Thus, those restrictions should 
not be routinely implemented but individualized based on serum sodium levels, the extent of 
diuretic resistance and other clinical conditions.

  Potential Therapeutic Strategies 

 Vasopressin Receptor 2 Antagonists 
 Tolvaptan, a selective vasopressin receptor 2 antagonist, promotes urinary free water 

excretion (aquaresis) without affecting urinary electrolyte excretion by binding to the vaso-
pressin receptor 2 of the distal nephron  [74] . Tolvaptan appeared to decrease body weight 
and edema and to increase serum sodium concentrations in HF patients without worsening 
vital signs or renal function  [75] . However, the Efficacy of Vasopressin Antagonism in Heart 
Failure Outcome Study with Tolvaptan (EVEREST) trial showed no significant benefit of oral 
tolvaptan in terms of cardiovascular death, hospitalization for HF or their composite outcome 
over 2 years in 4,133 ADHF patients  [76] . Nevertheless, tolvaptan significantly improved 
patient-assessed dyspnea and hyponatremia, but slightly increased serum creatinine levels 
 [77] . Its clinical efficacy in advanced CKD should be evaluated in future clinical trials.

  Nesiritide 
 Nesiritide is a recombinant B-type natriuretic peptide approved for the management of 

ADHF. The recommended administration is a 2 μg/kg bolus injection followed by continuous 
infusion at a dose of 0.010 μg/kg/min. Although nesiritide produces modest improvement in 
dyspnea, a meta-analysis suggested that it may worsen renal function and hasten death, 
potentially due to its hypotensive effects  [78] . Meanwhile, small studies using low-dose 
nesiritide (0.005 μg/kg/min without bolus) in ADHF and cardiac surgery patients have shown 
increased urine output and preserved kidney function  [79, 80] .

  Two RCTs have been conducted so far to address these issues. In the Acute Study of 
Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) trial, the 
use of normal-dose nesiritide on top of standard care in patients with ADHF neither increased 
nor decreased the incidence of death or re-hospitalization for HF, although it showed a small 
improvement in self-reported dyspnea  [81] . Nesiritide was also associated with an increased 
incidence of hypotension, but not with worsening renal function or increased urine output 
 [82] . Meanwhile, the above-mentioned ROSE trial showed that low-dose nesiritide added to 
standard diuretic therapy did not enhance decongestion or improve kidney function in 
patients with ADHF and kidney dysfunction, but there were trends toward higher urinary 
volume and lower serum cystatin C levels in patients who had low ejection fraction or low 
systolic blood pressure  [27] . Thus, low-dose nesiritide may be indicated for patients with 
ADHF and reduced ejection fraction.

  Angiotensin-Neprilysin Inhibitor 
 Neprilysin is an enzyme that contributes to the breakdown of several endogenous vaso-

active peptides (natriuretic peptides, bradykinin and adrenomedullin) which counteract the 
neurohormonal activation leading to vasoconstriction, sodium retention and maladaptive 
remodeling  [83] . Inhibition of neprilysin is a potential therapeutic strategy to delay the devel-
opment or progression of cardiovascular disease and kidney disease. However, a study of 
combined inhibition of angiotensin-converting enzyme and neprilysin failed due to a high 
incidence of serious angioedema. To minimize the risk of this adverse effect, LCZ696 was 
developed, combining a neprilysin inhibitor prodrug (sacubitril) with an angiotensin receptor 
blocker (valsartan).
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  The Prospective Comparison of ARNI with ACEI to Determine Impact on Global Mortality 
and Morbidity in Heart Failure (PARADIGM-HF) trial is a phase III double-blind RCT evaluating 
the efficacy and safety profile of LCZ696 versus the angiotensin-converting enzyme inhibitor 
enalapril (a standard treatment) in 8,436 patients with chronic HF and reduced ejection 
fraction  [84] . The trial was terminated early after a median follow-up of 27 months because of 
an overwhelming benefit of LCZ696 in terms of hospitalization for HF, death from cardiovas-
cular causes and their composite as well as all-cause mortality (estimated hazard ratio  ∼ 0.8, 
p < 0.001 for all). LCZ696, compared to enalapril, increased the incidence of symptomatic 
hypotension (14.0 vs. 9.2%) and non-serious angioedema (0.5 vs. 0.2%) but significantly 
reduced the risk of developing kidney dysfunction defined as serum creatinine  ≥ 2.5 mg/dl 
(3.3 vs. 4.5%). These findings are consistent across subgroups and seem to provide convincing 
evidence to support LCZ696 as a new cornerstone in the management of chronic HF.

  Conclusion 

 Although the definition of CRS has evolved over time with the understanding of bidirec-
tional interplays between the heart and the kidneys, there is limited evidence to provide a 
specific treatment strategy using positive inotropes, diuretics, RRT as well as salt and fluid 
restriction for patients with ADHF and kidney dysfunction. Nevertheless, available evidence 
appears to support the 2013 ACCF/AHA guidelines for the management of heart failure and 
highlights the importance of individualized treatment. The new CRS classification system by 
Hatamizadeh et al.  [2]  would be helpful in identifying therapeutic targets and offers a 
systematic approach to optimal treatment as well as a management algorithm with better 
understanding of etiologies. It may eventually alter outcomes and enhance patient care and 
future investigations.
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