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Abstract
Purpose of Review Since CRS is critically dependent on right heart function and involved in interorgan crosstalk, assess-
ment and monitoring of both right heart and kidney function are of utmost importance for clinical outcomes. This systematic 
review aims to comprehensively report on novel diagnostic and therapeutic paradigms that are gaining importance for the 
clinical management of the growing heart failure population suffering from CRS.
Recent Findings Cardiorenal syndrome (CRS) in patients with heart failure is associated with poor outcome. Although sys-
temic venous congestion and elevated central venous pressure have been recognized as main contributors to CRS, they are 
often neglected in clinical practice. The delicate hemodynamic balance in CRS is particularly determined by the respective 
status of the right heart.
Summary The consideration of hemodynamic and CRS profiles is advantageous in tailoring treatment for better preserva-
tion of renal function. Assessment and monitoring of right heart and renal function by known and emerging tools like renal 
Doppler ultrasonography or new biomarkers may have direct clinical implications.

Keywords Cardiorenal syndrome · Right heart function · Right heart failure · Pulmonary hypertension · Pulmonary arterial 
hypertension · Venous congestion · Renal dysfunction · Biomarkers · Treatment approaches

Introduction

Cardiorenal syndrome (CRS) is commonly diagnosed in 
patients with heart failure (HF) and concomitant chronic 
kidney disease (CKD). Based on a cardiopulmonary-renal 
cross talk [1•, 2], acute or chronic dysfunction of one organ 
impairs the function of the respective other organ [3, 4]. 
While renal dysfunction in HF has traditionally been con-
sidered to result from decreased renal perfusion and associ-
ated neural and hormonal changes, recent evidence suggests 

that rather persistent venous congestion represents a major 
contributor [5, 6, 7•]. Right ventricular (RV) function plays 
a key role in preventing CRS in HF and pulmonary hyperten-
sion (PH) as the heart aims at compensating the respective 
state by balancing pre- and afterload [1•]. In right heart fail-
ure (RHF), elevated central venous pressure (CVP) leading 
to venous congestion by backward transmission, was identi-
fied to initiate a vicious cycle of hormonal and endothelial 
activation, hepatic dysfunction, ascites, increased intra-
abdominal pressure (IAP), intestinal mucosal ischemia, 
inflammation, oxidative stress, excessive renal tubular 
sodium reabsorption, and volume overload, leading to fur-
ther RV stress [1•, 2, 7•, 8]. Renal congestion caused by 
HF- or PH-mediated RHF results in renal edema, increased 
interstitial pressure, tubular compression, and intracapsular 
tamponade, which may further aggravate back pressure and 
thus decrease renal blood flow (RBF) and glomerular filtra-
tion rate (GFR) [1•, 1, 10, 11]. In situation of decreased 
renal perfusion, the amount of glomerular blood filtered 
increases (filtration fraction = GFR/RBF) to maintain GFR. 
Increase in filtration fraction leads to proximal nephron 
sodium retention. Additionally, proximal nephron sodium 
retention leads to a lower fraction of sodium and chloride in 
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the tubular ultrafiltrate at the level of macula densa, leading 
to neurohormonal activation and worsening renal function 
(WRF) [4, 12]. The pathophysiology of CRS as a conse-
quence of right heart dysfunction remain poorly understood, 
which creates an urgent need for biomarkers, diagnostic 
tools, and interventions to improve renal outcomes [13].

Study Selection

The aim of this systematic review article was to review the 
available literature on the meaning of right heart function in 
CRS “type 1” and “type 2” with a special focus on implica-
tions for current diagnostic and therapeutic management. 
Additionally, we provide an update on clinical and patho-
physiological findings regarding CRS and right heart func-
tion. Therefore, we performed a comprehensive computer-
ized literature search through multiple Medline searches 
on the PubMed database using MeSH terms and keywords. 
Searched terms included a combination of either “cardio- 
renal syndrome” and/or “pulmonary hypertension” and/or 
“pulmonary arterial hypertension” and/or “heart failure” an/
or “decompensated heart failure” plus each of the follow-
ing: “biomarker,” “central venous pressure,” “chronic kidney 
disease,” “classification,” “definition,” “diagnosis,” “heart 
failure,” “hemodynamics,” “interactions,” “kidney dysfunc-
tion,” “kidney failure,” “kidney injury,” “left heart failure,” 
“management,” “mortality,” “nephropathy,” “outcome,” 
“pathophysiology,” “prognosis,” “renal dysfunction,” “renal 
failure,” “renal function,” “renal insufficiency,” “right heart 
failure,” “right heart function,” “right-sided heart failure,” 
“survival,” “therapy,” “treatment,” “venous congestion” 
for articles published before January 2022. In addition to 
this search, reference lists of review articles were manu-
ally searched to identify other possible eligible references. 
Studies considered for our review included randomized 
controlled trials, prospective studies, retrospective studies, 

review articles, and case reports. Studies with unavailable 
full text or inaccurate data extraction were excluded.

Classification of Cardiorenal Syndrome

While cardiac dysfunction impairs renal function, renal dys-
function can also lead to numerous harmful effects on the heart 
[14], and improvement in renal function can lead to cardiac 
reverse remodeling [15]. Thus, direct and indirect effects of the 
respective diseased organ cause a combined disorder of both 
organ systems by a complex combination of neurohormonal 
feedback mechanisms [16]. For this reason, the current defi-
nition by the “Acute Dialysis Quality Initiative” phenotyped 
CRS into 2 major groups: CRS and reno-cardiac syndrome, 
depending on the respective primary origin of the disease pro-
cess. This classification distinguishes 5 subtypes according to 
disease severity and sequential organ involvement to enable a 
more precise and logical approach [3, 16, 17•]. The CRS defi-
nition includes acute or chronic conditions, whereby the pri-
mary failing organ can be either the heart or the kidney [3, 14, 
16]. The exception is subtype 5, which represents a systemic 
condition affecting both organs simultaneously (Table 1).

In contrast, the previous terminology did not allow to 
identify and fully characterize the chronology of the patho-
physiological interactions that characterize a particular type 
of combined cardiac/renal disease [16].

The current definition was established to facilitate a 
precise clinical characterization of CRS and to provide a 
basis for the development of new diagnostic and treatment 
approaches [17•]. Since the different subtypes of the current 
definition often overlap and may change dynamically during 
disease progression, deriving therapeutic recommendations 
remain clinically challenging. Functional assessments of car-
diac and renal function for exact assignment to the different 
subtypes are still scarce [4, 17•].

Table 1  Classification of cardiorenal syndrome based on the “Consensus Conference of the Acute Dialysis Quality Initiative” [3, 16, 17•]

ACS, acute coronary syndrome; AHF, acute heart failure; AKI, acute kidney injury; CKD, chronic kidney disease; CRS, cardiorenal syndrome; 
HF, heart failure; LVH, left ventricular hypertrophy

CRS phenotype Nomenclature Description Clinical examples

Type 1 Acute HF resulting in AKI ACS resulting in cardiogenic shock and AKI, AHF resulting 
in AKI

Type 2 Chronic Chronic HF resulting in CKD Chronic HF
Type 3 Acute renocardiac syndrome AKI resulting in AHF HF in the setting of AKI from volume overload, inflammatory 

surge, and metabolic disturbances in uremia
Type 4 Chronic renocardiac syndrome CKD resulting in chronic HF LVH and HF from CKD-associated cardiomyopathy
Type 5 Secondary Systemic process resulting in 

HF and renal failure
Amyloidosis, sepsis, cirrhosis
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Pathophysiological Evolution from Low 
Perfusion to Renal Congestion

It has been traditionally postulated that reduced cardiac 
output (CO) leads to diminished renal perfusion and neu-
rohormonal activation representing the main drivers for the 
development of CRS in HF with reduced ejection fraction 
(HFrEF) [4, 5, 6, 7•, 18, 19]. The right heart function is 
primarily important to maintain sufficient RV filling by 
adequate preload [4]. It has been assumed that a cardiac 
index (CI) of at least 1.5 l/m2min is necessary to maintain 
sufficient forward transmission for adequate renal perfusion 
[4, 19]. The impairment of renal arterial blood flow by either 
low CO and/or increased peripheral vascular resistance is 
considered to activate the renin–angiotensin–aldosterone 
system (RAAS), sympathetic nervous system, and release 
of arginine vasopressin [4, 18]. Activation of these neuro-
hormones causes systemic and renal vasoconstriction and 
increased sodium and water retention in the kidneys to com-
pensate arterial underfilling and reduced preload, but at the 
expense of increased systemic vascular resistance and higher 
plasma volume, thus leading to worsening HF [13, 18].

Recently, venous congestion has been recognized as 
important contributor to renal dysfunction in CRS [7•]. 
Regardless of whether left or right HF is present, venous 
congestion, increased CVP, and increased renal venous 
pressure appear to be the major hemodynamic contributors 
to CRS [1•, 5, 7•, 20•, 21]. The importance of systemic 
venous congestion in terms of WRF is supported by the 
finding that deterioration of kidney function occurs more 
frequently in HF with preserved ejection fraction (HFpEF) 
than in HFrEF [4, 22].

These findings place the pathophysiological focus of 
CRS more on right heart function. RV dysfunction, which 
is also frequently present in patients with left-sided heart 
disease, leads to backward transmission of elevated filling 
pressures, resulting in increased CVP and renal venous con-
gestion. Due to complex RV/LV interactions, RHF results in 
underfilling of the left ventricle (LV) and systemic low-out-
put and in advanced cases to cardiogenic shock [4]. Thus, 
right heart dysfunction plays a pivotal role for secondary 
organ damage. Acute RHF may occur because of rapidly 
increased RV afterload through pulmonary embolism, 
decompensated RHF/LHF, or hypoxia [4]. Another cause 
of acute RHF represents impaired RV contractility in con-
sequence of ischemia, myocarditis, or postcardiotomy shock 
[4]. Chronic RHF is mainly due to chronically elevated pul-
monary artery pressure (PAP) and/or pulmonary vascular 
resistance (PVR), i.e., increased RV afterload in PH. The 
downstream disturbances in cardiorenal interactions are 
likely to be similar regardless of whether the primary cause 
was right-sided or left-sided HF [4].

PH is a hemodynamic condition defined by an elevated 
mean PAP to ≥ 25 mmHg at rest, measured invasively by 
right heart catheterization (RHC) [23]. A revised definition 
was proposed at the 6th World Symposium on Pulmonary 
Hypertension (WSPH) in 2018, suggesting a redefined 
threshold of > 20 mmHg at rest [24].

Any kind of PH can contribute to RHF [13, 25] and thus 
to the development of CRS [4, 13, 26]. PH due to left heart 
disease represents the most common cause of RHF, and the 
pathophysiology of CRS in this group is comparable to that 
in left heart failure (LHF) [13]. Data on the prevalence of 
CRS in patients with PH and isolated RHF remain scarce 
[13]. However, PH is associated with impaired kidney func-
tion leading to poorer outcome [1•, 20•, 26–30]. Similar 
to LHF, isolated RHF in PH often results in renal venous 
congestion and arterial hypoperfusion with subsequent 
loss of GFR [13, 20•]. Conversely, renal dysfunction may 
also contribute to aggravation of PH, since cardiopulmo-
nary hemodynamics are crucially dependent on the regula-
tion of fluid homeostasis. Elevated CVP leads to release of 
inflammatory mediators, neurohormones, and activation of 
endothelial cells, which may further deteriorate heart and 
kidney function [13, 21, 31]. Circulatory factors excreted 
in the kidney are involved not only in the pathogenesis of 
local structural glomerular and interstitial damage but also 
in pulmonary inflammation following renal injury [1•, 2, 
32]. In PH, the right heart function is elementary to cope 
with elevated PVR by balancing pre- and afterload result-
ing in water and salt retention and venous congestion [1•]. 
LV output is potentially also reduced in PH, as reduced RV 
output and dilatation frequently lead to leftward shift of the 
interventricular septum and altered LV geometry, resulting 
in impaired filling and output despite preserved LVEF [1•, 4, 
13, 33–35]. Consequently, forward transmission can also be 
diminished in PH, leading to reduced renal arterial pres-
sure and thus contributing to the development of CRS [4, 
6, 33, 36]. In PAH, reduced CI rather than increased RAP 
was an independent predictor for WRF [1•, 20•], while in 
a study on RHF due to miscellaneous PH classes with pre-
served LVEF elevated RAP rather than CI independently 
predicted GFR [13, 37]. These results indicate that in PAH, 
reduced CI and subsequent renal hypoperfusion might be 
the key hemodynamic drivers of GFR loss and may precede 
deleterious effects on kidney function of augmented RAP 
and renal venous congestion during worsening right heart 
function [20•]. Patients with PH due to left heart disease 
might be more prone to renal venous congestion similar to 
the LHF phenotype [13]. Differentiation between hemody-
namic profiles may be advantageous in tailoring treatment 
for preservation of GFR in HF and various forms of PH.

Elevated CVP initially leads to a slightly increased GFR 
through increased glomerular hydrostatic pressure due to 
elevated proximal peritubular capillary pressure, resulting 
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in increased efferent arteriolar pressure [6, 7•, 13, 38, 39]. 
After glomerular hyperfiltration is exhausted, GFR pro-
gressively worsens [7•] due to renal edema, increasing 
interstitial pressure, tubular compression, and intracap-
sular tamponade, which may further aggravate back pres-
sure and thus decrease renal perfusion pressure and GFR 
[1•]. The term “congestive nephropathy” was suggested 
for a potentially reversible subtype of renal dysfunction 
caused by reduced renal venous outflow and increased 
renal interstitial pressure [7•]. Based on increased CVP, 
another contributor to WRF is ascites and increased IAP 
[9]. Immediate reduction of IAP by large volume removal 
improves GFR in decompensated HF [40], which is why 
ascites and IAP assessment could be integrated into the 

diagnostic and therapeutic workflow. Pathophysiological 
interactions are depicted in Fig. 1.

Diagnosis of Right Heart Dysfunction 
and Cardiorenal Syndrome

Hemodynamics

RHF can occur in progressive or acutely decompensated 
PH, leading to chronic or acute kidney damage and thus 
contributing to CRS. In combined RHF with concomi-
tant acute renal failure, deterioration of either organ func-
tion may converge in a vicious circle leading to refractory 

Fig. 1  Hemodynamic cardiorenal interactions in left and right heart 
failure. Right side: traditional “low flow” hypothesis of the develop-
ment of worsening renal function in heart failure due to renal vaso-
constriction and hypoperfusion leading to tubular hypoxia and necro-
sis. Left side: concept of “congestive nephropathy” primarily leading 
worsening renal function in heart failure according to current expert 
opinion. Heart failure-induced backward transmission results in 
increased central venous pressure and renal venous congestion with 
subsequent impaired renal function. CO, cardiac output; CVP, central 

venous pressure; GFR, glomerular filtration rate; HF, heart failure; 
LHF, left heart failure; LV, left ventricle; RAAS, renin–angioten-
sin–aldosterone system; RHF, right heart failure; RV, right ventricle; 
WRF, worsening renal function.  Adapted from Schefold, J. C. et al. 
(2016) Heart failure and kidney dysfunction: epidemiology, mecha-
nisms and management. Nat. Rev. Nephrol. 10.1038/nrneph.2016.113  
and from Rosenkranz S, Howard LS, Gomberg-Maitland M, Hoeper 
MM. Systemic Consequences of Pulmonary Hypertension and Right-
Sided Heart Failure. Circulation 2020;141:678–693
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congestive RHF [1•]. In CRS prevention, precise measure-
ments of right heart function are gaining importance. The 
most accurate way to determine right heart function is RHC 
[23, 24, 41]. A cutoff value of 15 mmHg for pulmonary 
arterial Wedge pressure (PAWP) distinguishes between pre-
capillary (≤ 15 mmHg) and postcapillary (> 15 mmHg) PH. 
This distinction is important since postcapillary PH often 
occurs in LHF and primarily requires optimized therapy of 
the left heart condition, while in precapillary PH such as 
PAH or CTEPH, special treatments are available to improve 
RHF [23]. Precise hemodynamic assessment is of utmost 
importance for correct diagnosis und therapeutic manage-
ment potentially affecting CRS. In experienced hands, RHC 
is safe and could be warranted in selected difficult-to-treat 
CRS patients to detect and treat subclinical congestion while 
avoiding intravascular underfilling [42].

Transthoracic echocardiography represents a more con-
venient and noninvasive assessment tool of right heart 
function, which can be performed in nearly every clinical 
situation. Specific echocardiographic measurements provide 
information about right heart function in CRS and helps to 
identify those patients who might require RHC [23]. Echo-
cardiographic signs of right heart strain increase the risk of 
RHF and systemic venous congestion contributing to CRS. 
Therefore, control of congestion has been proposed as a 
central goal in HF treatment [5, 6, 43•]. Assessment of the 
diameter of the inferior vena cava and its respiratory vari-
ability is of particular importance as it correlates positively 
with CVP and RAP [44, 45].

Renal Doppler ultrasonography represents a relatively 
new approach to evaluate renal congestion and to guide 
therapy in patients with left- or right-sided HF [43•, 46•]. 
Based on Doppler renal venous flow, identification of altered 
intrarenal venous flow (IRVF) patterns is used to predict 
adverse outcome and to monitor diuretic response in HF 
[43•, 47, 48•, 49]. IRVF patterns depend on RAP and the 
mean circulatory filling pressures [4, 47, 48•]. Backward 
transmission in RHF results in elevated RAP, which is 
transmitted into the renal vein with consequently increased 
pulsatility and change in IRVF patterns, reflecting the renal 
vasculature’s response to elevated intrarenal pressure within 
the rigid renal capsule [4, 50]. Compared to renal resist-
ance index, the IRVF pattern demonstrates higher prognostic 
impact [47], confirming renal venous congestion rather than 
hypoperfusion as the predominant component in CRS devel-
opment [1•, 4]. Renal venous congestion index (RVSI) was 
described as a dimensionless continuous ratio that reflects 
the complete continuum of renal venous congestion by indi-
cating the fraction of the cardiac cycle during which there is 
no renal venous outflow [43•, 46• ]. In PH, RVSI correlates 
with right heart and renal function [46•]. Its measurement 
represents a simple and noninvasive approach for the assess-
ment of renal congestion [43•, 46•] and provides additional 

prognostic information to stratify the risk of RHF in PH 
[46•], which in turn can result in CRS [17•].

Biomarkers

Various biomarkers reflecting neurohormonal disorders, 
myocardial stress/injury, inflammation, oxidative stress, 
and renal clearance/injury have been considered for their 
diagnostic and prognostic value in HF and CRS [13, 17•, 
51]. Since progressive deterioration in right heart function 
is associated with slow progressive degenerative processes 
potentially resulting in CKD, sensitive biomarkers are 
needed [1•, 52].

Cardiac Biomarkers

Brain Natriuretic Peptide and N‑Terminal Pro‑brain 
Natriuretic Peptide

Measurement of brain natriuretic peptide (BNP) or N-termi-
nal pro-BNP (NT-proBNP), which is directly associated with 
congestion, is supported by current HF and PH guidelines 
[23, 53] and plays a central role for diagnosis and prognosis 
of CRS in HF [17•]. BNP/NT-proBNP serum levels in HF 
with CRS are higher compared to patients with preserved 
kidney function [4, 54, 55•], which may be explained by 
several mechanisms including impaired renal excretion and 
volume overload [4, 56–58]. In patients with GFR < 60 ml/
min/1.73m2, BNP/NT-proBNP serum concentrations should 
be interpreted with caution and is only of limited use in 
diagnosing HF and monitoring treatment response especially 
when HF and volume overload are present [59]. Neverthe-
less, elevation of BNP/NT-proBNP in HF with already exist-
ing renal dysfunction is also associated with poorer prog-
nosis [54, 55•]. Currently, BNP/NT-proBNP measurement 
is not recommended for prevention or treatment of acute 
kidney injury (AKI) [45].

Cardiac Troponin T and Galectin‑3

Cardiac troponin T and galectin-3 represent useful cardiac 
biomarkers which are elevated in CRS [4, 58, 60, 61] and 
prognostically relevant in HF [4, 60, 61]. However, elevated 
troponin T serum levels are unspecific for renal damage and 
occur in most patients with advanced renal dysfunction 
[54, 55•] and thus must be interpreted with caution when 
diagnosing acute coronary syndrome in these patients [59]. 
Determination of troponin T is only recommended on admis-
sion to exclude acute myocardial injury; albeit, it is elevated 
in most acute HF patients [53].

Expression of galectin-3 is linked to fibrosis [55•, 62, 
63], including renal [51, 64, 65] and cardiac remodeling 
and progression of HF [55•, 63, 66–69]. Thus, galectin-3 
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potentially provides information about the pathophysiology 
of the underlying renal dysfunction and its progression in HF 
[55•, 70–72]. High galectin-3 plasma levels are associated 
with increased risk of renal dysfunction [55•, 73, 74]. In HF, 
elevated galectin-3 is also linked to impaired kidney function 
and higher mortality [51, 70]. Through its ability in early 
detection of WRF, it may be used for risk estimation of CRS 
progression and potentially as therapeutic target [55•, 75].

Renal Biomarkers

Cystatin C

Cystatin C (CysC) is a protease occurring in all nucleated 
cells [51, 55• ]. In contrast to creatinine, it is filtered freely 
and then reabsorbed but not secreted in renal tubules [51, 
55•]. It was assumed that assessment of CysC could be 
superior to serum creatinine as it is independently excreted 
from the respective muscle mass [76]. CysC represents a 
promising alternative endogenous filtration biomarker for 
monitoring renal function [51, 59, 76, 77] and a prognostic 
indicator in HF with normal renal function [51, 55•, 78–80]. 
However, assessment of CysC provides no information about 
the different pathomechanisms of CRS [51].

Albuminuria

Albuminuria is associated with increased cardiovascular dis-
ease (CVD) risk and is prognostically relevant for CKD pro-
gression [59]. In HF, albuminuria is associated with poorer 
outcome [4, 81, 82]. Albuminuria indicates damage to the 
glomerular filter, primarily due to dysfunction of podocytes, 
which are crucial for maintaining glomerular filter barrier 
[83]. In addition, endothelial dysfunction, inflammation, 
elevated glomerular pressure, or atherosclerosis contribute 
to increased albumin excretion [55•, 84, 85]. Albuminuria 
also occurs in anomalous renal microcirculation [55•, 86] 
and can reflect impaired renal hemodynamics, such as renal 
venous congestion caused by RHF and increased CVP [6, 
55•]. Accordingly, albuminuria provides information about 
the pathophysiology leading to WRF [55•, 84]. The assess-
ment of albuminuria integrates urinary creatinine levels 
to calculate the ratio between urinary albumin and creati-
nine (UACR) [55•]. Microalbuminuria, defined by UACR 
between 30 and 300 mg/g [85], is common in HF and associ-
ated with worse prognosis [55•, 81, 82, 87].

Neutrophil Gelatinase–Associated Lipocalin

Neutrophil gelatinase–associated lipocalin (NGAL) is a 
protein that is freely filtered through the glomerulus and 
completely reabsorbed in the proximal part of the tubule 
[55•]. Under normal conditions, its concentration in urine 

and serum is very low [51, 55•, 88]. In proximal tubular 
injury, NGAL urinary level rises above the normal range [4, 
89], because it cannot be completely reabsorbed due to tubu-
lar damage [55•]. High NGAL levels occur in HF with and 
without renal dysfunction [4, 51, 58, 90] and predict WRF, 
particularly in acute decompensated HF [51], and adverse 
clinical outcome [55•, 91, 92], also in CRS patients [4, 93]. 
However, the diagnostic accuracy of NGAL is not without 
controversy and may be affected by confounding factors such 
as sepsis, inflammation, anemia, hypertension, hypoxemia, 
and cancer [55•, 88].

N‑Acetyl Beta Glucosaminidase

N-Acetyl beta glucosaminidase (NAG) is a lysosomal 
enzyme of the proximal tubule cells, which is excreted 
into urine if tubular damage with subsequent disruption 
of lysosomal integrity occurs [51, 55•, 89, 94, 95]. NAG 
serum levels are gradually elevated in HF with preserved 
or reduced renal function and are associated with poorer 
prognosis, independently from GFR but dependent on LVEF 
[51, 55•, 96–98]. Increase in NAG is predictive for AKI in 
patients with normal and worsening kidney function and for 
impaired survival in patients with preexisting AKI [51, 95, 
99]. Despite limited specificity [51, 96], NAG is a promising 
prognostic biomarker for CRS and could also represent a 
potential therapeutic target since it decreases in response to 
diuretic-induced decongestion similar to BNP/NT-proBNP 
[51, 100], which is particularly interesting since venous 
congestion is the major pathophysiological driver of CRS 
[7•, 7, 51].

Kidney Injury Molecule‑1

Kidney injury molecule-1 (KIM1) is a glycoprotein which 
is expressed in proximal tubule cells and excreted in the 
urine after tubular injury [55•, 95]. High urinary KIM1 con-
centrations predict poorer prognosis including WRF in HF 
independent of GFR [55•, 96–99] but dependent on LVEF 
in terms of quantitative characteristics [51, 98]. KIM1 levels 
correlate with BNP/NT-proBNP and are sensitive to vol-
ume fluctuations, reflecting their dependence on congestive 
clinical states and making it an excellent target for diuretic 
management of CRS and a possible biomarker for CRS phe-
notyping [51, 98, 100].

Dickkopf‑3

Dickkopf-3 (DKK3) is a stress-induced, tubular epithe-
lial-derived profibrotic glycoprotein which predicts WRF 
[101–103]. Increased urinary DKK3 levels identify patients 
at high risk for short-term GFR decline regardless of the 
respective cause of kidney injury and are associated with 
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tubulointerstitial fibrosis [102–104]. Although data on the 
meaning of urinary DKK3 levels in HF are currently pend-
ing, DKK3 might represent a promising future biomarker in 
CRS. Potentially, elevated DKK3 urinary levels are indica-
tive for active renal fibrosis, contributing to poorer outcome 
in CRS. Hence, urinary DKK3 might serve as a biomarker 
to monitor CKD progression which may be useful for cli-
nicians to monitor treatment effects and guide therapeutic 
adjustments [102–104].

Together, there are numerous promising novel biomarkers 
to monitor kidney function in CRS. However, none of these 
is specific to impaired right heart function or CRS, making it 
difficult to identify impaired right heart function as the main 
contributor to CRS [4]. Therefore, CRS phenotyping must 
integrate information from biomarkers, hemodynamics, and 
imaging modalities and should always be interpreted in the 
clinical context.

Therapeutic Approaches

Diuretics, Volume Optimization, and Ultrafiltration

Since elevated CVP and venous congestion were recognized 
as main drivers for CRS, diuretics represent the initial drug 
of choice in decompensated HF associated with inadequate 
fluid retention to decrease volume overload and to improve 
cardiorenal hemodynamics [42, 53, 105–107]. Reduction 
of RV overload, CVP, and renal venous pressure lead to 
increased renal perfusion and to improved RV/LV interac-
tion, cardiac and kidney function [4, 107]. Loop diuretics are 
frequently used for fast natriuresis with subsequent extracel-
lular volume reduction [107–109]. There are no differences 
in outcome, symptom relief, or changes in renal function 
when loop diuretics are administered as bolus or continu-
ous therapy [4, 42, 106]. High-dose compared to low-dose 
administrations resulted in a faster relief of congestion with 
a transient reduction in GFR [42, 106]. The addition of non-
loop diuretics might be reasonable to maintain natriuresis 
without compromising GFR [4, 110, 111]. The level of care 
for HF patients with CKD should be the same as for those 
without CKD, but any escalation of therapy and/or clinical 
deterioration should prompt monitoring of GFR and serum 
potassium concentration [61]. Acetazolamide as a potent 
inhibitor of proximal tubular sodium reabsorption could rep-
resent another interesting option in decongestive treatment 
strategies, as targeting sodium reabsorption in the proximal 
tubules implies potential benefits in HF. The ADVOR trail 
is currently investigating whether acetazolamide in combi-
nation with loop diuretic therapy can improve outcome and 
decongestion in acute HF with fluid overload [112, 113]. 
Acetazolamide may be considered if loop diuretic response 
remains insufficient [53].

During diuretic treatment in acute congestive HF with 
WRF, intensive volume depletion initially results in increases 
in serum creatinine and biomarkers of tubular injury (NAG, 
KIM1, NGAL), while renal function improves over time, 
suggesting that benefits of decongestion may outweigh tran-
sient increases in serum creatinine or tubular injury markers 
at treatment start [1•, 114]. Caution is advised in decompen-
sated HF without congestion and excessive diuresis, both of 
which may be associated with reduced RV preload and hence 
impairment of CO, thus resulting in intravascular hypov-
olemia, hypotension, and decreased diuresis and natriuresis 
[4]. When the RV is collapsed, careful volume loading can 
be beneficial until RV is adequately filled. Further volume 
expansion can induce adverse effects and should be avoided, 
especially in patients with mean arterial pressure less than 
60 mmHg [13]. Nephrotoxic agents should be temporary 
avoided [59], regardless of whether decompensated HF is 
congestive or non-congestive [13]. Since ascites contributes 
to WRF through increased IAP, paracentesis potentially rep-
resents a viable treatment option for acute hemodynamic 
improvement. Ultrafiltration is another decongestive strategy 
in decompensated HF and concomitant renal dysfunction, 
although it does not lead to better outcome or renal function 
compared to pharmaceutical care only [42, 111]. Ultrafiltra-
tion is associated with a higher rate of adverse events [111] 
and is not an effective therapy in CRS [108]. Future studies 
on individually titrated ultrafiltration patients are warranted 
[45, 115], especially in HF and CRS.

Diuretic Resistance

Since decongestion is the key treatment strategy to reduce 
venous congestion in decompensated HF-associated CRS [4, 
42, 116–118], special attention should be paid to the poten-
tial development of diuretic resistance, which is predictive 
for poor outcome in CRS and HF [4, 51, 119–121]. Diuretic 
resistance is defined as reduced diuretic response resulting in 
inadequate relief of edema, thereby missing the therapeutic 
target [4, 122]. Decongestion strategies in CRS patients with 
diuretic resistance remain clinically challenging, as this is 
often associated with significant reduction of GFR and CO, 
which results in diminished delivery of diuretics to the tubules 
[4, 51, 107, 119]. Another potential contributor to impaired 
delivery of protein-bound loop diuretics is hypoalbuminemia 
which is frequent in advanced HF [4, 107]. Further causes 
are insufficient dosage of diuretics or inadequate substrates 
(sodium and chloride) at the renal tubules [4, 107, 119]. In 
addition, activation of the RAAS by diuretic-inherent effects 
results in reduced renal arterial flow and tubular secretion [51, 
123]. Further contributors to diuretic resistance are nephron 
remodeling due to prolonged use of loop diuretics [4, 124] and 
diuretic braking phenomena by hemodynamic and neurohor-
monal mechanisms including RAAS activation and afferent 
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arteriolar vasoconstriction [4, 51, 125, 126], which lead to 
diminished natriuresis to preserve intravascular volume in 
response to increased, diuretics-induced sodium excretion [4, 
51, 107, 127]. In CRS, renal dysfunction leads to impaired 
release of diuretics into the tubular lumen, and sodium excre-
tion is diminished because of reduced filtration [4, 128, 129]. 
Diuretic resistance is indicative of HF-induced renal dysfunc-
tion and less dependent on GFR, suggesting that determina-
tion of diuretic resistance is helpful to identify CRS patients 
[51]. The diuretic dose–response curve in HF patients typi-
cally has a sigmoid shape and demonstrates a rightward and 
downward shift [130]. Given the dependency on RBF, higher 
doses of loop diuretics might be necessary in CRS. The soon 
to be published ADVOR trial with acetazolamide as a com-
binatorial diuretic treatment will clarify whether this strategy 
is superior to conventional loop diuretic treatment in acute 
HF [112, 113]. The forthcoming CLOROTIC trial evaluates 
whether the addition of hydrochlorothiazide to a loop diuretic 
represents an effective strategy for decongestion in HF [131], 
since this is recommended for nephrotic patients with diu-
retic resistance [115]. In two recent trials, the sodium-glucose 
cotransporter 2 (SGLT2) empagliflozin increased diuresis and 
demonstrated beneficial effects in acute decompensated HF 
patients without impairing kidney function [132, 133].

Renin–Angiotensin–Aldosterone System Inhibitors

RAAS activation is crucially involved in pathophysiologi-
cal changes contributing to WRF. In HFrEF, reno-protective 
RAAS inhibitors belong to the standard of care and have 
demonstrated beneficial effects on cardiovascular outcome 
[53, 59]. Because CRS and hyperkalemia are common in 
HFrEF [7•, 134–136], particular attention should be paid to 
RAAS inhibitors and novel treatment agents [53] for possi-
ble interactions with renal function. Indeed, the occurrence 
of renal dysfunction and hyperkalemia are challenges for 
RAAS inhibitor therapy in clinical practice [59, 135, 136•]. 
In HFrEF therapy, RAAS inhibition is linked to WRF, which 
is associated with poorer outcomes compared to no WRF 
[137]. However, the use of RAAS inhibitors leads to a reduc-
tion of all-cause mortality, which is significantly more pro-
nounced in the presence of WRF than in the group without 
WRF [137]. This striking difference could be explained by 
the fact that in a state of reduced kidney function there is 
more intensive RAAS stimulation [137–139], which in turn 
causes the outstanding potential for improvement with suf-
ficient RAAS blockade [137].

Permissive Acute Kidney Injury

In HFrEF, RAAS inhibitors and SGLT2 inhibitors can reduce 
renal perfusion, possibly followed by an acute decrease in 

GFR [53]. However, this should not lead to immediate dis-
continuation of these beneficial treatments [53, 137, 140]. 
Acute declines in GFR should not be misinterpreted as 
AKI but rather be understood as “permissive AKI” [140], 
since the use of the respective agents contributes to better 
preservation of kidney function longer term and reduced 
all-cause mortality [137]. The optimal therapeutic strategy 
includes assessment of the clinical setting in which GFR loss 
occurs [140]. In the absence of alternative treatable causes 
(e.g., infections, nephrotoxic co-medication, hypotension), 
a decline in GFR of 30–40%, e.g., under RAAS inhibitor 
therapy, should be tolerated and not lead to discontinuation 
of this outcome-modifying therapy [137, 140].

Soluble Guanylate Cyclase Stimulators

Vericiguat, a soluble guanylate cyclase stimulator, rep-
resents a new treatment option in HFrEF [53] that 
improved outcome, irrespective of baseline GFR or WRF 
[136•, 141–143]. Vericiguat may be considered in addi-
tion to standard therapy in HFrEF to reduce risk of car-
diovascular mortality and hospitalizations for HF [53]. 
Vericiguat demonstrated no negative effects on renal func-
tion, and, thus, there is no need to down-titrate or inter-
rupt therapy if WRF and/or hyperkalemia occur [136•]. 
Vericiguat appears to be a potential candidate for the 
prevention of CRS in HFrEF patients, although the exact 
mechanisms of action on renal function remain speculative 
and require further research. On the one hand, vericiguat 
could improve RBFby its positive effects on cardiac and 
endothelial function, on the other hand, mild blood pres-
sure lowering effects may potentially impair renal perfu-
sion [136•].

Sodium‑Glucose Cotransporter 2 Inhibitors

SGLT2 inhibitors are recommended for the treatment of 
HFrEF patients with and without type 2 diabetes mellitus 
[53]. Regardless of the presence of diabetes, SGLT2 inhibi-
tors showed beneficial effects on cardiorenal outcome in 
HFrEF and HFpEF [108, 144–147]. These cardio-reno-pro-
tective benefits render SGLT2 inhibitors a promising drug 
in CRS prevention and treatment [148]. Selective block-
ade of the SGLT2 transporter increases renal excretion of 
glucose and sodium by inhibiting their reabsorption in the 
renal proximal tubules [149–151]. Reno-protective effects 
are mainly mediated by reduction in albuminuria, inflamma-
tion, hypoxic stress, renal artery stiffness, and restoration of 
tubuloglomerular feedback [108, 148]. Reinforced diuresis 
may further contribute to advantageous effects of SGLT2 
inhibitors on kidney function [108, 152]. Overall, the safety 
profile of SGLT2 inhibitors is compelling, with mild genital 
mycotic infections being the most common but rare adverse 
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event [153]. Euglycemic diabetic ketoacidosis is a rare but 
serious side effect of SGLT2 inhibitor treatment, occurring 
mainly in diabetes with insulin deprivation, after surgery 
[153] or under infectious conditions [154].

Vasopressin V2 Receptor Antagonists

In HF, RAAS activation leads to elevated vasopressin 
levels with subsequent impairment of cardiac function, 
peripheral vasoconstriction, and increased afterload [108]. 
There is a vasopressin V2 receptor-mediated water reten-
tion and, thus, an increase in preload [108, 155, 156]. 
Tolvaptan is a highly selective vasopressin V2 receptor 
antagonist with a convincing safety profile that has dem-
onstrated beneficial effects in HF contributing to reduced 
volume overload, improved symptoms, increased urinary 
output, and corrected sodium levels without affecting renal 
function and serum electrolytes through its action on neu-
rohormonal signaling in CRS [108, 155, 157]. Although 
tolvaptan failed to improve outcome in HF [53, 108, 158], 
data suggest that it may serve as a potential drug for decon-
gestion in CRS [108, 159], thus promoting renal function 
by maintaining renal perfusion and avoiding intravascular 
volume depletion [108, 160]. Tolvaptan can be considered 
to increase serum sodium and urinary output in patients 
with persistent hyponatremia and congestion [53].

Treatment of Pulmonary Hypertension

In PH, the use of diuretics is recommended in patients with 
fluid retention associated with RHF [23], whereas the ini-
tiation of targeted therapies requires precise hemodynamic 
diagnosis and classification [23]. Targeted treatment results 
in improved cardiopulmonary hemodynamics and RV func-
tion without significant changes in GFR [20•], although 
most medications were shown to have nephroprotective 
potential in preclinical or clinical settings [26]. Treat-
ment of PAH with the phosphodiesterase type 5 inhibitor 
(PDE5i) sildenafil was associated with improved kidney 
function [1•, 161]. Changes in kidney function could be 
due to several influencing factors, such as progressive PAH, 
the more intensive use of diuretics or polypharmaceutical 
effects. Since there are no dedicated clinical trials that have 
investigated the impact of PAH-targeted therapy on kid-
ney function, further research is warranted [26]. Despite 
limited data, treatment with pulmonary vasodilators (e.g., 
inhaled nitric oxide, prostacyclin, and iloprost) and ino-
tropes resulted in beneficial effects on CO and venous con-
gestion [4, 108, 162].

In LHF, backward transmission of elevated left-sided 
filling pressure into the lung leads to postcapillary PH 

[163–166]. The primary strategy to improve cardiopul-
monary hemodynamics is optimization of volume status 
and filling pressures. Although PH is common in HFrEF 
and HFpEF [167] and is associated with unfavorable car-
diorenal outcomes, there is currently no recommendation 
for targeted PH therapy in both of these entities [23, 168, 
169]. Preliminary data suggests that treatment with PDE5i 
might have advantageous effects in HFpEF and combined 
post- and precapillary PH [43, 163, 170, 171]. Further 
studies are needed since there are currently no data on 
the impact on CRS.

Conclusions

Systemic venous congestion and elevated CVP in the 
context of RV dysfunction are major contributors in CRS. 
Although the crucial contribution of congestion to CRS 
and its impact on outcomes have been well documented, 
they often remain neglected in clinical practice. Thus, 
accurate assessment and the recognition of right heart 
function in CRS gain in importance. CRS in RHF should 
be suspected when WRF occurs either in cases of AKI 
without preexisting renal damage or in acute-on-chronic 
settings. The delicate hemodynamic balance is crucially 
affected by the respective status of the right heart. RHF 
patients are potentially threatened by acute decompen-
sation, which must be prevented with close-meshed 
and strict volume management aiming at preserving or 
improving renal function and outcome. Assessment and 
monitoring of right heart and renal function by known 
and emerging tools like renal Doppler ultrasonography 
or new biomarkers may have direct clinical implications. 
The monitoring and differentiation between hemody-
namic and CRS profiles may be advantageous in tailoring 
treatment for preservation of renal function.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Declarations 

Conflict of Interest TK: Remunerations for lectures from Janssen/
Actelion.
PB: Speaker honoraria and consultant fees from Sanofi-Genzyme, As-
traZeneca, Alexion, Bayer, Travere, Pfizer, Novartis, Roche; research 
funding from the German Research Foundation BR-2955/8.
SR: Remunerations for lectures and/or consultancy from Abbot, Jans-
sen/Actelion, Arena, Bayer, BMS, GSK, MSD, Novartis, Pfizer, and 
United Therapeutics and grants to institution from Actelion, Bayer, 
Novartis, and United Therapeutics.

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

394 Current Heart Failure Reports  (2022) 19:386–399

1 3



Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance

 1.• Rosenkranz S, Howard LS, Gomberg-Maitland M, Hoeper 
MM. Systemic consequences of pulmonary hypertension and 
right-sided heart failure. Circulation 2020;141:678–693. In 
this article, the author describes systemic consequences of 
pulmonary hypertension on secondary organ systems. Based 
on pulmonary hypertension induced right heart failure, 
pathomechanistic insights of worsening renal function are 
demonstrated.

 2. Husain-Syed F, McCullough PA, Birk HW, et al. Cardio-pulmo-
nary-renal interactions: a multidisciplinary approach. J Am Coll 
Cardiol. 2015;65:2433–48.

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

 4. Tabucanon T, Tang WHW. Right Heart Failure and Cardiorenal 
Syndrome. Cardiol Clin. 2020;38:185–202.

 5. Mullens W, Abrahams Z, Francis GS, et al. Importance of venous 
congestion for worsening of renal function in advanced decom-
pensated heart failure. J Am Coll Cardiol. 2009;53:589–96.

 6. 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. J Am Coll Cardiol. 2009;53:582–8.

 7.• Husain-Syed F, Gröne HJ, Assmus B et al. Congestive nephrop-
athy: a neglected entity? Proposal for diagnostic criteria and 
future perspectives. ESC Heart Fail 2021;8:183–203. In this 
article, congestive nephropathy is proposed as neglected clin-
ical entity. Congestive nephropathy is a potentially reversible 
subtype of renal dysfunction associated with declining renal 
venous outflow and progressively increasing renal interstitial 
pressure.

 8. Verbrugge FH, Dupont M, Steels P, et al. Abdominal contribu-
tions to cardiorenal dysfunction in congestive heart failure. J Am 
Coll Cardiol. 2013;62:485–95.

 9. Mullens W, Abrahams Z, Skouri HN, et  al. Elevated intra-
abdominal pressure in acute decompensated heart failure: a 
potential contributor to worsening renal function? J Am Coll 
Cardiol. 2008;51:300–6.

 10. Le Clef N, Verhulst A, D’Haese PC, Vervaet BA. Unilateral 
renal ischemia-reperfusion as a robust model for acute to chronic 
kidney injury in mice. PLoS One. 2016;11:e0152153.

 11. Hemmi S, Matsumoto N, Jike T, et al. Proximal tubule morphol-
ogy in rats with renal congestion: a study involving the in vivo 
cryotechnique. Med Mol Morphol. 2015;48:92–103.

 12. Mullens W, Martens P, Testani JM, et al. Renal effects of guide-
line-directed medical therapies in heart failure: a consensus 
document from the Heart Failure Association of the European 
Society of Cardiology. Eur J Heart Fail. 2022;24:603–19.

 13. Bansal S, Prasad A, Linas S. Right heart failure-unrecog-
nized cause of cardiorenal syndrome. J Am Soc Nephrol. 
2018;29:1795–8.

 14. Berl T, Henrich W. Kidney-heart interactions: epidemiol-
ogy, pathogenesis, and treatment. Clin J Am Soc Nephrol. 
2006;1:8–18.

 15. Hawwa N, Shrestha K, Hammadah M, Yeo PSD, Fatica R, 
Tang WHW. Reverse remodeling and prognosis following 
kidney transplantation in contemporary patients with cardiac 
dysfunction. J Am Coll Cardiol. 2015;66:1779–87.

 16. Ronco C, Haapio M, House Andrew A, Anavekar N, 
Bellomo R. Cardiorenal syndrome. J Am Coll Cardiol. 
2008;52:1527–39.

 17.• Rangaswami J, Bhalla V, Blair JEA et al. Cardiorenal syndrome: 
classification, pathophysiology, diagnosis, and treatment strate-
gies: a scientific statement from the American heart association. 
Circulation 2019;139:e840-e878. This work is related to inden-
tifying the factors contributing to diuretic resistance repre-
senting a key step in optimizing decongestion in cardiorenal 
syndrome. Additionally, the authors describe biomarkers of 
cardiac and kidney injury which represent a new dimension 
in the diagnostic algorithm in evaluating heart failure with 
impaired kidney function and offer prognostic value in acute 
and chronic cardiorenal syndrome.

 18. Schrier RW, Abraham WT. Hormones and hemodynamics in 
heart failure. N Engl J Med. 1999;341:577–85.

 19. Ljungman S, Laragh JH, Cody RJ. Role of the kidney in con-
gestive heart failure. Relationship of cardiac index to kidney 
function. Drugs 1990;39 Suppl 4:10–21; discussion 22–4.

 20.• Bitker L, Sens F, Payet C et al. Presence of kidney disease as 
an outcome predictor in patients with pulmonary arterial hyper-
tension. Am J Nephrol 2018;47:134–143. The author demon-
strates that chronic kidney disease is frequent at diagnosis 
of pulmonary arterial hypertension and is independently 
associated with increased mortality. Right heart failure may 
induce renal hypoperfusion and congestion, and is associated 
with eGFR decrease.

 21. Ross EA. Congestive renal failure: the pathophysiology and treat-
ment of renal venous hypertension. J Card Fail. 2012;18:930–8.

 22. Sweitzer NK, Lopatin M, Yancy CW, Mills RM, Stevenson 
LW. Comparison of clinical features and outcomes of patients 
hospitalized with heart failure and normal ejection fraction (> 
or =55%) versus those with mildly reduced (40% to 55%) and 
moderately to severely reduced (<40%) fractions. Am J Cardiol. 
2008;101:1151–6.

 23. Galie N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS guide-
lines for the diagnosis and treatment of pulmonary hypertension: 
the joint task force for the diagnosis and treatment of pulmonary 
hypertension of the European Society of Cardiology (ESC) and 
the European Respiratory Society (ERS): Endorsed by: Asso-
ciation for European Paediatric and Congenital Cardiology 
(AEPC), International Society for Heart and Lung Transplanta-
tion (ISHLT). Eur Heart J. 2016;37:67–119.

 24. Simonneau G, Montani D, Celermajer DS et al. Haemodynamic 
definitions and updated clinical classification of pulmonary 
hypertension. Eur Respir J 2019;53.

 25. Arrigo M, Huber LC, Winnik S, et al. Right ventricular fail-
ure: pathophysiology, diagnosis and treatment. Card Fail Rev. 
2019;5:140–6.

395Current Heart Failure Reports  (2022) 19:386–399

1 3

http://creativecommons.org/licenses/by/4.0/


 26. Nickel NP, O’Leary JM, Brittain EL, et al. Kidney dysfunction 
in patients with pulmonary arterial hypertension. Pulm Circ. 
2017;7:38–54.

 27. Benza RL, Miller DP, Gomberg-Maitland M, et al. Predicting 
survival in pulmonary arterial hypertension: insights from the 
registry to evaluate early and long-term pulmonary arterial 
hypertension disease management (REVEAL). Circulation. 
2010;122:164–72.

 28. Shah SJ, Thenappan T, Rich S, Tian L, Archer SL, Gomberg-
Maitland M. Association of serum creatinine with abnormal 
hemodynamics and mortality in pulmonary arterial hyperten-
sion. Circulation. 2008;117:2475–83.

 29. O’Leary JM, Assad TR, Xu M, et al. Pulmonary hypertension 
in patients with chronic kidney disease: invasive hemodynamic 
etiology and outcomes. Pulm Circ. 2017;7:674–83.

 30. Haddad F, Fuh E, Peterson T, et al. Incidence, correlates, and 
consequences of acute kidney injury in patients with pulmonary 
arterial hypertension hospitalized with acute right-side heart 
failure. J Card Fail. 2011;17:533–9.

 31. Colombo PC, Doran AC, Onat D, et al. Venous congestion, 
endothelial and neurohormonal activation in acute decom-
pensated heart failure: cause or effect? Curr Heart Fail Rep. 
2015;12:215–22.

 32. Schefold JC, Filippatos G, Hasenfuss G, Anker SD, von Haehling 
S. Heart failure and kidney dysfunction: epidemiology, mecha-
nisms and management. Nat Rev Nephrol. 2016;12:610–23.

 33. Konstam MA, Kiernan MS, Bernstein D, et  al. Evaluation 
and Management of Right-Sided Heart Failure: A Scientific 
Statement From the American Heart Association. Circulation. 
2018;137:e578–622.

 34. Gan C, Lankhaar JW, Marcus JT, et al. Impaired left ventricu-
lar filling due to right-to-left ventricular interaction in patients 
with pulmonary arterial hypertension. Am J Physiol Heart Circ 
Physiol. 2006;290:H1528–33.

 35. Marcus JT, Vonk Noordegraaf A, Roeleveld RJ, et al. Impaired 
left ventricular filling due to right ventricular pressure overload 
in primary pulmonary hypertension: noninvasive monitoring 
using MRI. Chest. 2001;119:1761–5.

 36. Dini FL, Demmer RT, Simioniuc A, et al. Right ventricular dys-
function is associated with chronic kidney disease and predicts 
survival in patients with chronic systolic heart failure. Eur J 
Heart Fail. 2012;14:287–94.

 37. Damman K, Navis G, Smilde TD, et al. Decreased cardiac out-
put, venous congestion and the association with renal impair-
ment in patients with cardiac dysfunction. Eur J Heart Fail. 
2007;9:872–8.

 38. Firth JD, Raine AE, Ledingham JG. Raised venous pressure: 
a direct cause of renal sodium retention in oedema? Lancet. 
1988;1:1033–5.

 39. Doty JM, Saggi BH, Blocher CR, et al. Effects of increased renal 
parenchymal pressure on renal function. J Trauma. 2000;48:874–7.

 40. Mullens W, Abrahams Z, Francis GS, Taylor DO, Starling RC, 
Tang WHW. Prompt reduction in intra-abdominal pressure fol-
lowing large-volume mechanical fluid removal improves renal 
insufficiency in refractory decompensated heart failure. J Car-
diac Fail. 2008;14:508–14.

 41. Frost A, Badesch D, Gibbs JSR et al. Diagnosis of pulmonary 
hypertension. Eur Respir J 2019;53.

 42. Verbrugge FH, Grieten L, Mullens W. Management of the car-
diorenal syndrome in decompensated heart failure. Cardiorenal 
Med. 2014;4:176–88.

 43.• Husain-Syed F, Birk HW, Tello K et al. Alterations in Dop-
pler-derived renal venous stasis index during recompensation 
of right heart failure and fluid overload in a patient with pul-
monary hypertension. Rev Cardiovasc Med 2019;20:263–266. 
This case report demonstrates the feasibility of using renal 

Doppler ultrasonography to evaluate the treatment response 
and to guide therapy in patients with right heart failure. In 
particular, this case highlightes the potential role of renal 
venous stasis index as a simple, non-invasive, and integrative 
Doppler-derived measure of renal congestion.

 44. Ciozda W, Kedan I, Kehl DW, Zimmer R, Khandwalla R, Kimchi 
A. The efficacy of sonographic measurement of inferior vena 
cava diameter as an estimate of central venous pressure. Cardio-
vasc Ultrasound. 2016;14:33.

 45. Kellum JA, Lameire N, Aspelin P et  al. Kidney disease: 
improving global outcomes (KDIGO) acute kidney injury 
work group. KDIGO clinical practice guideline for acute kid-
ney injury. Kidney Int Suppl 2012;2:1–138.

 46.• Husain-Syed F, Birk HW, Ronco C et al. Doppler-derived renal 
venous stasis index in the prognosis of right heart failure. J 
Am Heart Assoc 2019;8:e013584. The authors propose renal 
venous stasis index as a conceptually new and integrative 
Doppler index of renal congestion. Renal venous stasis 
index provides additional prognostic information to strat-
ify pulmonary hypertension for the propensity to develop 
right heart failure.

 47. Iida N, Seo Y, Sai S, et al. Clinical implications of intrarenal 
hemodynamic evaluation by doppler ultrasonography in heart 
failure. JACC Heart Fail. 2016;4:674–82.

 48.• Nijst P, Martens P, Dupont M, Tang WHW, Mullens W. 
Intrarenal flow alterations during transition from euvolemia 
to intravascular volume expansion in heart failure patients. 
JACC Heart Fail 2017;5:672–681. In this study, patients 
with a swan ganz cathether received IV fluids to increase 
circulatory volume. Even before RAP increases, the renal 
venous outflow becomes discontinous. The mean circula-
tory filling pressure (MCFP) is a combination of stressed 
and unstressed venous blood that generates a venous pres-
sure that also drives venous return to the right heart. The 
MCFP needs to overcome resistance on its way and is 
always higher as RAP (flow to right heart = (MCFP-RAP / 
resistance). This study illustrates that the kidney responses 
to MCFP even before RAP is elevated. The fact that MCFP 
can already be elevated emphasizes the unique significance 
of renal vein ultrasound.

 49. Puzzovivo A, Monitillo F, Guida P et al. Renal venous pattern: 
a New parameter for predicting prognosis in heart failure outpa-
tients. J Cardiovasc Dev Dis 2018;5.

 50. Tang WH, Kitai T. Intrarenal venous flow: a window into the 
congestive kidney failure phenotype of heart failure? JACC 
Heart Fail. 2016;4:683–6.

 51. Brisco MA, Testani JM. Novel renal biomarkers to assess car-
diorenal syndrome. Curr Heart Fail Rep. 2014;11:485–99.

 52. Haase M, Kellum JA, Ronco C. Subclinical AKI–an emerg-
ing syndrome with important consequences. Nat Rev Nephrol. 
2012;8:735–9.

 53. McDonagh TA, Metra M, Adamo M, et al. 2021 ESC Guidelines 
for the diagnosis and treatment of acute and chronic heart failure. 
Eur Heart J. 2021;42:3599–726.

 54. Maisel AS, Katz N, Hillege HL, et al. Biomarkers in kidney and 
heart disease. Nephrol Dial Transplant. 2011;26:62–74.

 55.• Goffredo G, Barone R, Di Terlizzi V, Correale M, Brunetti ND, 
Iacoviello M. Biomarkers in Cardiorenal Syndrome. J Clin Med 
2021;10:3433. The author explains that patients with heart 
failure, chronic kidney disease is highly prevalent and asso-
ciated with poor outcome. Estimation of renal function by 
the use of creatinine is limited due to severel confounders. 
The author describes new biomarkers for better assessment 
of renal dysfunction and to detect patients at higher risk 
of renal function worsening as well as to more accurately 
identify patients prone to developing acute kidney injury.

396 Current Heart Failure Reports  (2022) 19:386–399

1 3



 56. McCullough PA, Duc P, Omland T, et al. B-type natriuretic 
peptide and renal function in the diagnosis of heart failure: an 
analysis from the Breathing Not Properly Multinational Study. 
Am J Kidney Dis. 2003;41:571–9.

 57. Jiang K, Shah K, Daniels L, Maisel AS. Review on natriuretic 
peptides: where we are, where we are going. Expert Opin Med 
Diagn. 2008;2:1137–53.

 58. Palazzuoli A, Ruocco G, Pellegrini M, et al. Patients with 
cardiorenal syndrome revealed increased neurohormonal activ-
ity, tubular and myocardial damage compared to heart fail-
ure patients with preserved renal function. Cardiorenal Med. 
2014;4:257–68.

 59. Evaluation and Management of Chronic Kidney Disease. 
Synopsis of the Kidney Disease: Improving Global Out-
comes 2012 Clinical Practice Guideline. Ann Intern Med. 
2013;158:825–30.

 60. Colbert G, Jain N, de Lemos JA, Hedayati SS. Utility of tra-
ditional circulating and imaging-based cardiac biomarkers 
in patients with predialysis CKD. Clin J Am Soc Nephrol. 
2015;10:515–29.

 61. Tang WH, Shrestha K, Shao Z, et al. Usefulness of plasma galec-
tin-3 levels in systolic heart failure to predict renal insufficiency 
and survival. Am J Cardiol. 2011;108:385–90.

 62. Rubinstein N, Ilarregui JM, Toscano MA, Rabinovich GA. The 
role of galectins in the initiation, amplification and resolution of 
the inflammatory response. Tissue Antigens. 2004;64:1–12.

 63. Sharma UC, Pokharel S, van Brakel TJ, et al. Galectin-3 marks 
activated macrophages in failure-prone hypertrophied hearts and 
contributes to cardiac dysfunction. Circulation. 2004;110:3121–8.

 64. Henderson NC, Mackinnon AC, Farnworth SL, et al. Galectin-3 
expression and secretion links macrophages to the promotion of 
renal fibrosis. Am J Pathol. 2008;172:288–98.

 65. Okamura DM, Pasichnyk K, Lopez-Guisa JM, et  al. Galec-
tin-3 preserves renal tubules and modulates extracellular matrix 
remodeling in progressive fibrosis. Am J Physiol Renal Physiol. 
2011;300:F245–53.

 66. Vergaro G, Del Franco A, Giannoni A, et al. Galectin-3 and myo-
cardial fibrosis in nonischemic dilated cardiomyopathy. Int J Car-
diol. 2015;184:96–100.

 67. de Boer RA, Lok DJ, Jaarsma T, et al. Predictive value of plasma 
galectin-3 levels in heart failure with reduced and preserved ejec-
tion fraction. Ann Med. 2011;43:60–8.

 68. McEvoy JW, Chen Y, Halushka MK et al. Galectin-3 and Risk of Heart 
Failure and Death in Blacks and Whites. J Am Heart Assoc 2016;5.

 69. Grande D, Leone M, Rizzo C et al. A multiparametric approach 
based on NT-proBNP, ST2, and Galectin3 for stratifying One year 
prognosis of chronic heart failure outpatients. J Cardiovasc Dev 
Dis 2017;4.

 70. Iacoviello M, Aspromonte N, Leone M, et al. Galectin-3 serum levels 
Are independently associated with microalbuminuria in chronic heart 
failure outpatients. Res Cardiovasc Med. 2016;5:e28952.

 71. Iacoviello M, Di Serio F, Rizzo C, et al. Association between high 
Gal-3 serum levels and worsening of renal function in chronic heart 
failure outpatients. Biomark Med. 2019;13:707–13.

 72. Leone M, Iacoviello M. The predictive value of plasma biomark-
ers in discharged heart failure patients: role of galectin-3. Minerva 
Cardioangiol. 2016;64:181–94.

 73. O’Seaghdha CM, Hwang SJ, Ho JE, Vasan RS, Levy D, Fox CS. 
Elevated galectin-3 precedes the development of CKD. J Am Soc 
Nephrol. 2013;24:1470–7.

 74. Rebholz CM, Selvin E, Liang M, et al. Plasma galectin-3 levels are 
associated with the risk of incident chronic kidney disease. Kidney 
Int. 2018;93:252–9.

 75. Suthahar N, Meijers WC, Silljé HHW, Ho JE, Liu FT, de Boer RA. 
Galectin-3 activation and inhibition in heart failure and cardiovas-
cular disease: an update. Theranostics. 2018;8:593–609.

 76. Knight EL, Verhave JC, Spiegelman D, et al. Factors influencing 
serum cystatin C levels other than renal function and the impact 
on renal function measurement. Kidney Int. 2004;65:1416–21.

 77. Dupont M, Shrestha K, Singh D, Finucan M, Tang WH. Lack of 
concordance in defining worsening renal function by rise in cre-
atinine vs rise in cystatin C. Congest Heart Fail. 2013;19:E17-21.

 78. Arimoto T, Takeishi Y, Niizeki T, et al. Cystatin C, a novel measure 
of renal function, is an independent predictor of cardiac events in 
patients with heart failure. J Card Fail. 2005;11:595–601.

 79. Shlipak MG, Katz R, Fried LF, et al. Cystatin-C and mortal-
ity in elderly persons with heart failure. J Am Coll Cardiol. 
2005;45:268–71.

 80. Lassus J, Harjola VP, Sund R, et al. Prognostic value of cystatin C 
in acute heart failure in relation to other markers of renal function 
and NT-proBNP. Eur Heart J. 2007;28:1841–7.

 81. Masson S, Latini R, Milani V, et al. Prevalence and prognostic 
value of elevated urinary albumin excretion in patients with chronic 
heart failure: data from the GISSI-Heart Failure trial. Circ Heart 
Fail. 2010;3:65–72.

 82. Jackson CE, Solomon SD, Gerstein HC, et al. Albuminuria in 
chronic heart failure: prevalence and prognostic importance. Lan-
cet. 2009;374:543–50.

 83. Brinkkoetter PT, Ising C, Benzing T. The role of the podocyte in 
albumin filtration. Nat Rev Nephrol. 2013;9:328–36.

 84. Comper WD, Hilliard LM, Nikolic-Paterson DJ, Russo LM. Dis-
ease-dependent mechanisms of albuminuria. Am J Physiol Renal 
Physiol. 2008;295:F1589–600.

 85. Miller WG, Bruns DE, Hortin GL, et al. Current issues in meas-
urement and reporting of urinary albumin excretion. Clin Chem. 
2009;55:24–38.

 86. Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney 
disease. Lancet. 2017;389:1238–52.

 87. van de Wal RM, Asselbergs FW, Plokker HW, et al. High preva-
lence of microalbuminuria in chronic heart failure patients. J Card 
Fail. 2005;11:602–6.

 88. Schmidt-Ott KM, Mori K, Li JY, et  al. Dual action of neu-
trophil gelatinase-associated lipocalin. J Am Soc Nephrol. 
2007;18:407–13.

 89. Waring WS, Moonie A. Earlier recognition of nephrotoxicity using 
novel biomarkers of acute kidney injury. Clin Toxicol (Phila). 
2011;49:720–8.

 90. van Deursen VM, Damman K, Voors AA, et al. Prognostic value 
of plasma neutrophil gelatinase-associated lipocalin for mortality 
in patients with heart failure. Circ Heart Fail. 2014;7:35–42.

 91. Imoto Y, Wakasaki A, Izumida K, et al. Analysis of the diagnostic 
capabilities of urinary neutrophil gelatinase-associated lipocalin 
and serum procalcitonin for acute kidney injury at the early stage 
of critical care intensive care unit admission. J Clin Lab Anal. 
2021;35:e23852.

 92. Collins SP, Hart KW, Lindsell CJ, et al. Elevated urinary neutrophil 
gelatinase-associated lipocalcin after acute heart failure treatment 
is associated with worsening renal function and adverse events. Eur 
J Heart Fail. 2012;14:1020–9.

 93. Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-Fielitz A. 
Accuracy of neutrophil gelatinase-associated lipocalin (NGAL) in 
diagnosis and prognosis in acute kidney injury: a systematic review 
and meta-analysis. Am J Kidney Dis. 2009;54:1012–24.

 94. Bazzi C, Petrini C, Rizza V, et al. Urinary N-acetyl-beta-glucosa-
minidase excretion is a marker of tubular cell dysfunction and a 
predictor of outcome in primary glomerulonephritis. Nephrol Dial 
Transplant. 2002;17:1890–6.

 95. Liangos O, Perianayagam MC, Vaidya VS, et  al. Urinary 
N-acetyl-beta-(D)-glucosaminidase activity and kidney injury 
molecule-1 level are associated with adverse outcomes in acute 
renal failure. J Am Soc Nephrol. 2007;18:904–12.

397Current Heart Failure Reports  (2022) 19:386–399

1 3



 96. Damman K, Masson S, Hillege HL, et  al. Clinical outcome 
of renal tubular damage in chronic heart failure. Eur Heart J. 
2011;32:2705–12.

 97. Damman K, Van Veldhuisen DJ, Navis G, et al. Tubular damage 
in chronic systolic heart failure is associated with reduced survival 
independent of glomerular filtration rate. Heart (British Cardiac 
Society). 2010;96:1297–302.

 98. Jungbauer CG, Birner C, Jung B, et al. Kidney injury molecule-1 
and N-acetyl-β-D-glucosaminidase in chronic heart failure: pos-
sible biomarkers of cardiorenal syndrome. Eur J Heart Fail. 
2011;13:1104–10.

 99. Han WK, Wagener G, Zhu Y, Wang S, Lee HT. Urinary biomark-
ers in the early detection of acute kidney injury after cardiac sur-
gery. Clin J Am Soc Nephrol. 2009;4:873–82.

 100. Damman K, Ng Kam Chuen MJ, MacFadyen RJ et al. Volume 
status and diuretic therapy in systolic heart failure and the detec-
tion of early abnormalities in renal and tubular function. J Am Coll 
Cardiol 2011;57:2233–41.

 101. Thöni S, Mayer G. Urinary Dickkopf-3 and kidney injury 
in patients with chronic pulmonary disease. Kidney Int. 
2021;100:983–5.

 102. Sánchez-Álamo B, García-Iñigo FJ, Shabaka A, et al. Urinary 
Dickkopf-3: a new biomarker for CKD progression and mortality. 
Nephrol Dial Transplant. 2021;36:2199–207.

 103. Zewinger S, Rauen T, Rudnicki M, et al. Dickkopf-3 (DKK3) in 
urine identifies patients with short-term risk of eGFR loss. J Am 
Soc Nephrol. 2018;29:2722–33.

 104. Schunk SJ, Speer T, Petrakis I, Fliser D. Dickkopf 3-a novel bio-
marker of the “kidney injury continuum.” Nephrol Dial Transplant. 
2021;36:761–7.

 105. Fonarow GC, Corday E. Overview of acutely decompensated con-
gestive heart failure (ADHF): a report from the ADHERE registry. 
Heart Fail Rev. 2004;9:179–85.

 106. Felker GM, Lee KL, Bull DA, et  al. Diuretic strategies in 
patients with acute decompensated heart failure. N Engl J Med. 
2011;364:797–805.

 107. Chitturi C, Novak JE. Diuretics in the Management of Cardiorenal 
Syndrome. Adv Chronic Kidney Dis. 2018;25:425–33.

 108. Verma D, Firoz A, Garlapati SKP, et al. Emerging treatments of 
cardiorenal syndrome: an update on pathophysiology and manage-
ment. Cureus. 2021;13:e17240.

 109. Rubinstein J, Sanford D. Treatment of cardiorenal syndrome. Car-
diol Clin. 2019;37:267–73.

 110. Knauf H, Mutschler E. Functional state of the nephron and diuretic 
dose-response–rationale for low-dose combination therapy. Cardi-
ology. 1994;84(Suppl 2):18–26.

 111. Bart BA, Goldsmith SR, Lee KL, et al. Ultrafiltration in decom-
pensated heart failure with cardiorenal syndrome. N Engl J Med. 
2012;367:2296–304.

 112. Mullens W, Verbrugge FH, Nijst P, et al. Rationale and design of 
the ADVOR (Acetazolamide in Decompensated Heart Failure with 
Volume Overload) trial. Eur J Heart Fail. 2018;20:1591–600.

 113. Mullens W, Dauw J, Martens P et al. Acetazolamide in decompen-
sated heart failure with volume overload trial (ADVOR): baseline 
characteristics. Eur J Heart Fail 2022.

 114. Rao VS, Ahmad T, Brisco-Bacik MA, et al. Renal effects of inten-
sive volume removal in heart failure patients with preexisting wors-
ening renal function. Circ Heart Fail. 2019;12:e005552.

 115. KDIGO. Clinical practice guideline for the management of glo-
merular diseases. Kidney Int. 2021;2021(100):S1-s276.

 116. Testani JM, Chen J, McCauley BD, Kimmel SE, Shannon RP. 
Potential effects of aggressive decongestion during the treatment 
of decompensated heart failure on renal function and survival. Cir-
culation. 2010;122:265–72.

 117. Costanzo MR, Guglin ME, Saltzberg MT, et al. Ultrafiltration ver-
sus intravenous diuretics for patients hospitalized for acute decom-
pensated heart failure. J Am Coll Cardiol. 2007;49:675–83.

 118. Metra M, Davison B, Bettari L, et al. Is worsening renal function 
an ominous prognostic sign in patients with acute heart failure? 
The role of congestion and its interaction with renal function. Circ 
Heart Fail. 2012;5:54–62.

 119. Valente MA, Voors AA, Damman K, et al. Diuretic response in 
acute heart failure: clinical characteristics and prognostic signifi-
cance. Eur Heart J. 2014;35:1284–93.

 120. Aronson D, Burger AJ. Diuretic response: clinical and hemody-
namic predictors and relation to clinical outcome. J Card Fail. 
2016;22:193–200.

 121. Verbrugge FH, Dupont M, Bertrand PB, et al. Determinants and 
impact of the natriuretic response to diuretic therapy in heart failure 
with reduced ejection fraction and volume overload. Acta Cardiol. 
2015;70:265–73.

 122. Krämer BK, Schweda F, Riegger GA. Diuretic treatment and diu-
retic resistance in heart failure. Am J Med. 1999;106:90–6.

 123. Mulder H, Schopman W Jr, van der Lely AJ, Schopman W Sr. Acute 
changes in plasma renin activity, plasma aldosterone concentration 
and plasma electrolyte concentrations following furosemide admin-
istration in patients with congestive heart failure–interrelationships 
and diuretic response. Horm Metab Res. 1987;19:80–3.

 124. Kaissling B, Bachmann S, Kriz W. Structural adaptation of the 
distal convoluted tubule to prolonged furosemide treatment. Am J 
Physiol. 1985;248:F374–81.

 125. Ellison DH. The physiologic basis of diuretic synergism: its role 
in treating diuretic resistance. Ann Intern Med. 1991;114:886–94.

 126. Komlosi P, Fintha A, Bell PD. Current mechanisms of macula 
densa cell signalling. Acta Physiol Scand. 2004;181:463–9.

 127. Brater DC. Update in diuretic therapy: clinical pharmacology. 
Semin Nephrol. 2011;31:483–94.

 128. Rudy DW, Gehr TW, Matzke GR, Kramer WG, Sica DA, Brater DC. 
The pharmacodynamics of intravenous and oral torsemide in patients 
with chronic renal insufficiency. Clin Pharmacol Ther. 1994;56:39–47.

 129. Gehr TW, Rudy DW, Matzke GR, Kramer WG, Sica DA, Brater DC. 
The pharmacokinetics of intravenous and oral torsemide in patients with 
chronic renal insufficiency. Clin Pharmacol Ther. 1994;56:31–8.

 130. Aronson D. The complexity of diuretic resistance. Eur J Heart Fail. 
2017;19:1023–6.

 131. Trullàs JC, Morales-Rull JL, Casado J, Freitas Ramírez A, 
Manzano L, Formiga F. Rationale and design of the “safety and 
efficacy of the combination of loop with thiazide-type diuret-
ics in patients with decompensated heart failure (CLOROTIC) 
trial:” a double-blind, randomized, placebo-controlled study to 
determine the effect of combined diuretic therapy (loop diuretics 
with thiazide-type diuretics) among patients with decompen-
sated heart failure. J Card Fail. 2016;22:529–36.

 132. Schulze PC, Bogoviku J, Westphal J et al. Effects of early empa-
gliflozin initiation on diuresis and kidney function in patients with 
acute decompensated heart failure (EMPAG-HF). Circulation 
2022:101161circulationaha122059038.

 133. Damman K, Beusekamp JC, Boorsma EM, et al. Randomized, 
double-blind, placebo-controlled, multicentre pilot study on the 
effects of empagliflozin on clinical outcomes in patients with acute 
decompensated heart failure (EMPA-RESPONSE-AHF). Eur J 
Heart Fail. 2020;22:713–22.

 134. Mullens W, Damman K, Testani JM, et al. Evaluation of kidney 
function throughout the heart failure trajectory - a position state-
ment from the heart failure association of the European society of 
cardiology. Eur J Heart Fail. 2020;22:584–603.

 135. Rossignol P, Lainscak M, Crespo-Leiro MG et al. Unravelling the 
interplay between hyperkalaemia, renin-angiotensin-aldosterone 
inhibitor use and clinical outcomes. Data from 9222 chronic heart 

398 Current Heart Failure Reports  (2022) 19:386–399

1 3



failure patients of the ESC-HFA-EORP Heart Failure Long-Term 
Registry. Eur J Heart Failure 2020;22:1378–1389.

 136.• Voors AA, Mulder H, Reyes E et al. Renal function and the effects of 
vericiguat in patients with worsening heart failure with reduced ejec-
tion fraction: insights from the VICTORIA (Vericiguat Global Study 
in Subjects with HFrEF) trial. Eur J Heart Failure 2021;23:1313–
1321. This article demonstrates that renal function trajectories 
were similar between vericiguat- and placebo-treated patients 
and the beneficial effects of vericiguat on the primary outcome 
were consistent across the full range of eGFR and irrespective of 
worsening renal function.

 137. Clark H, Krum H, Hopper I. Worsening renal function during renin-
angiotensin-aldosterone system inhibitor initiation and long-term 
outcomes in patients with left ventricular systolic dysfunction. Eur J 
Heart Fail. 2014;16:41–8.

 138. Szymanski MK, Damman K, van Veldhuisen DJ, van Gilst WH, 
Hillege HL, de Boer RA. Prognostic value of renin and prorenin in 
heart failure patients with decreased kidney function. Am Heart J. 
2011;162:487–93.

 139. Poletti R, Vergaro G, Zyw L, Prontera C, Passino C, Emdin M. Prog-
nostic value of plasma renin activity in heart failure patients with 
chronic kidney disease. Int J Cardiol. 2013;167:711–5.

 140. Parikh CR, Coca SG. “Permissive AKI” with treatment of heart fail-
ure. Kidney Int. 2019;96:1066–8.

 141. Armstrong PW, Pieske B, Anstrom KJ, et al. Vericiguat in patients 
with heart failure and reduced ejection fraction. N Engl J Med. 
2020;382:1883–93.

 142. Armstrong PW, Roessig L, Patel MJ, et al. A Multicenter, rand-
omized, double-blind, placebo-controlled trial of the efficacy and 
safety of the oral soluble guanylate cyclase stimulator: the VICTO-
RIA trial. JACC Heart Fail. 2018;6:96–104.

 143. Pieske B, Patel MJ, Westerhout CM, et al. Baseline features of 
the VICTORIA (vericiguat global study in subjects with heart 
failure with reduced ejection fraction) trial. Eur J Heart Fail. 
2019;21:1596–604.

 144. Packer M, Anker SD, Butler J, et al. Cardiovascular and renal 
outcomes with empagliflozin in heart failure. N Engl J Med. 
2020;383:1413–24.

 145. McMurray JJV, DeMets DL, Inzucchi SE, et al. The dapagliflozin 
and prevention of adverse-outcomes in heart failure (DAPA-HF) trial: 
baseline characteristics. Eur J Heart Fail. 2019;21:1402–11.

 146. Drazner MH. SGLT2 inhibition in heart failure with a preserved 
ejection fraction - a Win against a formidable Foe. N Engl J Med. 
2021;385:1522–4.

 147. Nassif ME, Windsor SL, Borlaug BA, et al. The SGLT2 inhibitor 
dapagliflozin in heart failure with preserved ejection fraction: a mul-
ticenter randomized trial. Nat Med. 2021;27:1954–60.

 148. Kalra R, Duval S, Thenappan T, et al. Comparison of balloon pulmo-
nary angioplasty and pulmonary vasodilators for inoperable chronic 
thromboembolic pulmonary hypertension: a systematic review and 
meta-analysis. Sci Rep. 2020;10:8870.

 149. Wilcox CS. Antihypertensive and Renal Mechanisms of SGLT2 
(Sodium-Glucose Linked Transporter 2) Inhibitors. Hypertension. 
2020;75:894–901.

 150. Ghezzi C, Yu AS, Hirayama BA, et al. Dapagliflozin binds specifi-
cally to sodium-glucose cotransporter 2 in the proximal renal tubule. 
J Am Soc Nephrol. 2017;28:802–10.

 151. Chu C, Lu YP, Yin L, Hocher B. The SGLT2 inhibitor empagliflozin 
might Be a New approach for the prevention of acute kidney injury. 
Kidney Blood Press Res. 2019;44:149–57.

 152. Zelniker TA, Braunwald E. Cardiac and Renal Effects of Sodium-
Glucose Co-Transporter 2 Inhibitors in Diabetes: JACC State-of-the-
Art Review. J Am Coll Cardiol. 2018;72:1845–55.

 153. Scheen AJ. An update on the safety of SGLT2 inhibitors. Expert Opin 
Drug Saf. 2019;18:295–311.

 154. Ata F, Yousaf Z, Khan AA, et al. SGLT-2 inhibitors associated eug-
lycemic and hyperglycemic DKA in a multicentric cohort. Sci Rep. 
2021;11:10293.

 155. Vinod P, Krishnappa V, Chauvin AM, Khare A, Raina R. Cardiorenal 
syndrome: role of arginine vasopressin and vaptans in heart failure. 
Cardiol Res. 2017;8:87–95.

 156. Costello-Boerrigter LC, Boerrigter G, Burnett JC Jr. V2 receptor 
antagonism with tolvaptan in heart failure. Expert Opin Investig 
Drugs. 2007;16:1639–47.

 157. Obi Y, Kim T, Kovesdy CP, Amin AN, Kalantar-Zadeh K. Current 
and potential therapeutic strategies for hemodynamic cardiorenal 
syndrome. Cardiorenal Med. 2016;6:83–98.

 158. Konstam MA, Gheorghiade M, Burnett JC Jr, et al. Effects of oral 
tolvaptan in patients hospitalized for worsening heart failure: the 
EVEREST outcome trial. JAMA. 2007;297:1319–31.

 159. Aghel A, Tang WH. Tolvaptan: the evidence for its therapeutic value 
in acute heart failure syndrome. Core Evid. 2008;3:31–43.

 160. Bielecka-Dabrowa A, Godoy B, Schefold JC, Koziolek M, Banach M, 
von Haehling S. Decompensated Heart Failure and Renal Failure: What 
Is the Current Evidence? Curr Heart Fail Rep. 2018;15:224–38.

 161. Webb DJ, Vachiery JL, Hwang LJ, Maurey JO. Sildenafil improves 
renal function in patients with pulmonary arterial hypertension. Br J 
Clin Pharmacol. 2015;80:235–41.

 162. Harjola VP, Mebazaa A, Čelutkienė J, et al. Contemporary manage-
ment of acute right ventricular failure: a statement from the Heart 
Failure Association and the Working Group on Pulmonary Circu-
lation and Right Ventricular Function of the European Society of 
Cardiology. Eur J Heart Fail. 2016;18:226–41.

 163. Kramer T, Dumitrescu D, Gerhardt F, et al. Therapeutic potential of 
phosphodiesterase type 5 inhibitors in heart failure with preserved 
ejection fraction and combined post- and pre-capillary pulmonary 
hypertension. Int J Cardiol. 2019;283:152–8.

 164. Vachiéry JL, Adir Y, Barberà JA, et al. Pulmonary hypertension due 
to left heart diseases. J Am Coll Cardiol. 2013;62:D100–8.

 165. Rosenkranz S, Gibbs JS, Wachter R, De Marco T, Vonk-Noorde-
graaf A, Vachiery JL. Left ventricular heart failure and pulmonary 
hypertension. Eur Heart J. 2016;37:942–54.

 166. Guazzi M, Naeije R. Pulmonary hypertension in heart failure: 
pathophysiology, pathobiology, and emerging clinical perspec-
tives. J Am Coll Cardiol. 2017;69:1718–34.

 167. Guazzi M, Ghio S, Adir Y. Pulmonary hypertension in HFpEF 
and HFrEF: JACC review topic of the week. J Am Coll Cardiol. 
2020;76:1102–11.

 168. Redfield MM, Chen HH, Borlaug BA, et al. Effect of phosphodies-
terase-5 inhibition on exercise capacity and clinical status in heart 
failure with preserved ejection fraction: a randomized clinical trial. 
JAMA. 2013;309:1268–77.

 169. Hoendermis ES, Liu LC, Hummel YM, et al. Effects of sildenafil 
on invasive haemodynamics and exercise capacity in heart failure 
patients with preserved ejection fraction and pulmonary hyperten-
sion: a randomized controlled trial. Eur Heart J. 2015;36:2565–73.

 170. Opitz CF, Hoeper MM, Gibbs JS, et al. Pre-capillary, combined, 
and post-capillary pulmonary hypertension: a pathophysiological 
continuum. J Am Coll Cardiol. 2016;68:368–78.

 171. Guazzi M, Vicenzi M, Arena R, Guazzi MD. Pulmonary hyper-
tension in heart failure with preserved ejection fraction: a target 
of phosphodiesterase-5 inhibition in a 1-year study. Circulation. 
2011;124:164–74.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

399Current Heart Failure Reports  (2022) 19:386–399

1 3


	Right Heart Function in Cardiorenal Syndrome
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Study Selection
	Classification of Cardiorenal Syndrome
	Pathophysiological Evolution from Low Perfusion to Renal Congestion
	Diagnosis of Right Heart Dysfunction and Cardiorenal Syndrome
	Hemodynamics
	Biomarkers
	Cardiac Biomarkers
	Brain Natriuretic Peptide and N-Terminal Pro-brain Natriuretic Peptide
	Cardiac Troponin T and Galectin-3

	Renal Biomarkers
	Cystatin C
	Albuminuria
	Neutrophil Gelatinase–Associated Lipocalin
	N-Acetyl Beta Glucosaminidase
	Kidney Injury Molecule-1
	Dickkopf-3

	Therapeutic Approaches
	Diuretics, Volume Optimization, and Ultrafiltration
	Diuretic Resistance

	Renin–Angiotensin–Aldosterone System Inhibitors
	Permissive Acute Kidney Injury
	Soluble Guanylate Cyclase Stimulators
	Sodium-Glucose Cotransporter 2 Inhibitors
	Vasopressin V2 Receptor Antagonists
	Treatment of Pulmonary Hypertension

	Conclusions
	References


