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Abstract 
Chronic kidney disease and its worsening are recurring conditions in chronic heart failure (CHF) which are independently associated with poor patient outcome. The heart and kidney share many pathophysiological mechanisms which can determine dysfunction in each organ. Cardiorenal syndrome is the condition in which these two organs negatively affect each other, therefore an accurate evaluation of renal function in the clinical setting of CHF is essential. This review aims to revise the parameters currently used to evaluate renal dysfunction in CHF with particular reference to the usefulness and the limitations of biomarkers in evaluating glomerular dysfunction and tubular damage. Moreover, it is reported the possible utility of renal arterial resistance index (a parameter associated with abnormalities in renal vascular bed) for a better assesment of kidney disfunction.
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: In the clinical setting of chronic heart failure the evaluation of renal dysfunction is essential. This review revises the currently available markers of renal function in chronic heart failure for a better characterization of renal function. Moreover, it is discussed the potential utility of a Doppler derived parameter, the renal resistance index, which is associated with abnormalities in the kidney vascularization.
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INTRODUCTION
Subjects with chronic heart failure often present chronic kidney disease as well as worsening of renal function (WRF), which are both responsible for a poor outcome[1-3]. Over the past few years interest in this link between the kidney and heart has increased as these organs share many pathophysiological mechanisms, and are therefore able to negatively affect each other. This reciprocal influence has recently been defined as cardiorenal syndrome[4]. 

In this clinical setting the pathophysiological background underlying renal impairment is, in part, different when acute and chronic heart failure are considered. In acute decompensated heart failure (ADHF) acute kidney injury (AKI) can often occur[5]. Both low cardiac output and venous congestion are the principal determinants of renal function worsening. When cardiac output decreases, renal perfusion and, consequently, glomerular filtration rate are reduced. On the other hand, venous congestion is the cause of a rise in efferent arterioles and end glomerular capillary pressure thus inducing a decrease in net filtration pressure, an increase in interstitial pressure with damage to tubules[6].

In CHF patients, abnormalities in cardiac function lead to a gradual worsening in renal function (WRF) rather than AKI and a steady decrease in renal perfusion due to low cardiac output which is associated with micro and macrovascular disease[5]. However, also the presence of increased central venous pressure in CHF can favour the occurrence of renal function worsening[7,8]. Finally, neuro-hormonal activation further enhances pathophysiological mechanisms leading to WRF[1].

On the basis of these considerations it is clear that in ADHF and CHF patients the evaluation of kidney function is extremely relevant. The aim of this review is to revise the parameters currently used to evaluate renal function in the CHF clinical setting and discuss the usefulness and limitations of biomarkers in evaluating glomerular dysfunction and tubular damage. Moreover, it is reported the possible utility of renal arterial resistance index (a parameter associated with abnormalities in renal vascular bed) for a better assesment of kidney disfunction.
ESTIMATION OF GLOMERULAR FUNCTION
Glomerular filtration rate and serum creatinine
Currently glomerular filtration rate (GRF) is the most used index to assess kidney function. It measures kidney filtration capacity and all the guidelines on heart failure recommend its routine use in CHF patients[9,10]. GFR can be estimated using renal clearance of an exogenous substance (inulina or I-iothalamate), however, even though this approach is more accurate, it is limited as it is expensive and time consuming. Consequently, GFR estimation is generally performed using an endogenous marker, i.e. serum creatinine[11]. Creatinine is produced in the muscles from creatine phosphate and it is removed by kidneys through glomerular filtration, but also by proximal tubular secretion.

The traditional method of measuring the clearance of creatinine requires a 24 h urine sample, which can be difficult for patients to perform and is often not done correctly. Therefore GFR is generally estimated by using serum creatinine levels[9]. For this purpose, Cockroft-Gault (CG), simplified Modification of Diet in renal disease (MDRD) and CKD EPI (Chronic Kidney Disease Epidemiology Collaboration) are the most widespread equations. These equations include creatinine serum levels, age, gender, race and, in CG, weight. However, they present an imperfect performance: GFR is underestimated by MDRD and CKD EPI and overestimated by CG, particularly at lower creatine serum levels[11]. 

Smilde et al[12] were the first to validate these creatinine based equations in a large cohort of CHF patients. In particular, they showed that GFR assessed by MDRD formula is underestimated in patients with normal and near normal values and overestimated in patients with worsening renal function. MDRD has a good prognostic significance, but is lower than that of the real GFR. 

More recently the CKD EPI formula has been introduced. It is currently the equation most used to evaluate GFR in CKD as it has been found to be more accurate than MDRD in patients with a preserved renal function[13,14]. Moreover, the metanalysis by Matsushita et al[15] showed that CKD EPI formula allowed a better risk stratification for mortality and end stage renal disease in a general population and in patients with cardiovascular diseases. 

Valente et al[16] first evaluated the role of this equation in the setting of CHF, showing that CKD EPI classifies KDOQI stages more accurately than the MDRD equation, especially in patients with a higher GFR. Furthermore, in the metanalysis of Mc Alister et al[17] the EPI formula was more accurate in estimating the risk of patients with CHF. According to these studies the CKD EPI formula is the preferred method to estimate GFR in CHF patients, particularly in those with preserved or moderately impaired renal function. 

Creatinine serum levels and GFR are also used to estimate WRF. In CHF, WRF has generally been evaluated by assessing changes in creatinine[18]. In particular, an increase of > 0.3 mg/dL and/or > 25% between two time points[3] have been shown to be related to a worse outcome, hospitalizations for heart failure and higher mortality[19-23]. However, a rise in serum creatinine could be not associated with a significant reduction in GFR. A patient presenting higher baseline values of serum creatinine will show a less marked change in GFR than a patient with lower baseline values. However, also the use of changes in GFR in order to assess WRF present some limitations due to the slight fluctuations in GFR which are common. For this reason current guidelines suggest that changes of 25% or more in estimated GFR should be considered as being associated with a change in GFR category[24]
Although creatinine serum levels and estimated GFR represent the corner stone in the evaluation of renal function and its worsening, several factors influencing the creatinine value and limiting its derived measures should also be considered. Creatinine values show a significant between-person and within-person variability, they are influenced by age, diet, gender and body mass. Moreover, when kidney filtration capacity decreases, GFR can be overestimated because of creatinine tubular active secretion[25]. Finally, in CHF patients there are several factors that can affect the validity of equations used to estimate GFR, such as the hemodynamic component of renal dysfunction, drugs interfering with renal function and the loss of muscle mass that is frequent in the end stages of the disease[12].

It is also worth noting that the kidneys use only part of their filtering capacity. A normal GFR could subtend an impairment in this increasing filtration capacity, in other words it could be observed in kidneys with a reduced renal reserve[26].

In order to avoid the limitations of creatinine, new biomarkers estimating glomerular function, such as Cystatin C, have been introduced. 

Cystatin C
This is a protein of cysteine proteinase inhibitor family (13 kdal) which is secreted by all cells with nucleus. It passes freely through the glomerular basement membrane and then is reabsorbed, but it is not secreted in the tubules. As a consequence, it is an ideal marker of kidney filtration capacity. Moreover age, gender, food and body mass affect less its serum levels[27]. The only clinical conditions that can influence it are inflammatory status, the use of corticosteroids and thyroid diseases[28,29]. Several studies have shown that, in patients with moderate renal impairment, Cystatin C serum levels estimate GFR better than the equations based on creatinine serum levels[30,31].

In fact the KDIGO guidelines[32] for CKD management recommend assessing Cystatin C in patients with eGFRcr of 45-60 mL/min per 1.73 m2 , on condition that they don't present other manifestations of CKD, such as albumin-creatinine ratio > 30 mg/g.

Formulas based on Cystatin C values have also been presented in order to obtain an estimate of GFR thus facilitating the clinical use of this marker. Moreover, equations based on combined creatinine-cystatin serum levels give a more accurate estimate of GFR than those based on each single level[33,34].

Cystatin C has also been demonstrated more accurate than creatinine in stratifying the risk of mortality and cardiovascular events in old subjects[35] and people with CHD[36]. High levels are also predictors of heart failure onset[37]. It is likely that the high Cystatin C levels reflect a mild or moderate decrease in renal function that is not detected by creatinine[33].

There are limited data on the role of Cystatin C in CHF[38-40]. Arimoto et al[38] showed the usefulness of Cystatin C in prognostic stratification of mild or moderate CHF. Moreover, Cystatin C has been found to better estimate the increased risk of cardiovascular death in elderly affected by CHF[39] as well as in patients with preserved renal function[40]. 

Although Cystatin C could be an interesting marker for an early assessment of renal function and for risk stratification in CHF, at present it is not widely used to estimate GFR. This is due to the widespread and consolidated use of creatinine, as well as to the fact that the Cystatin C measurement is more expensive, even if other markers, such as NT proBNP or troponin, have a similar cost[32]. 

Microalbuminuria
Albumin is the protein with the highest concentration in serum but has a low concentration in urine because of its large size, the selectivity of the glomerular filtration barrier and tubular reabsorption[11]. An increased albumin urinary excretion is a recognized early marker of kidney damage and its quantification is used for monitoring patients with CKD as well as for estimating the risk of kidney disease progression[24], as shown in Table 1. The urinary excretion of albumin is currently evaluated by calculating the albumin-to-creatinine ratio (UACR) in urine samples. An UACR < 30 mg/g is defined as normoalbuminuria, a UACR between 30 and 299 mg/g as microalbuminuria, and a UACR > 300 mg/gr as macroalbuminuria[41].
Microalbuminuria has been shown to be associated not only with CKD progression, but also with an increased risk of cardiovascular death in the general population as well as in subjects with diabetes and hypertension[42].
The greater prevalence of microalbuminuria in CHF subjects than in the general population was demonstrated for the first time by Van der Wall[43]. In CHF albuminuria and reduced GFR can coexist, but sometimes only one of the conditions was found because they are caused by different pathophysiological mechanisms. Albuminuria can be the consequence of damage to the glomerular basement membrane secondary to endothelial dysfunction and inflammatory cytokine activation[44]. Moreover, it can be caused by hyperfiltration due to a reduction in the number of nephrons. This condition could occur in the event of a post glomerular ischemia which leads to hypoxia, oxidative stress and tubule-interstizial injury[45]. Other mechanisms involved in the genesis of microalbuminuria could be renal congestion[46,47] and reduced tubular reabsorption of albumin as a consequence of tubular dysfunction[48].

The large substudies from CHARM and GISSI HF trials[49,50] have confirmed the high prevalence of micro and macroalbuminuria in CHF patients (microalbuminuria was more common than macroalbuminuria) and its association with a worse outcome. HF patients with higher albumin urinary levels showed a greater mortality and an increased risk of HF hospitalizations. This prognostic value was independent from serum creatinine levels, eGFR and the comorbidities that worsen renal filtration function. Another important finding of these studies was that mortality risk increased with the increase in albumin excretion, even in the normal range (< 30 mg/g) suggesting that this parameter is a continuous measure of risk.

All of these studies showed that albumin urinary excretion is not affected by treatment with angiotensin receptor blockade, contrary to that observed in patients with diabetes, hypertension and renal disease. This may be due to the different pathophysiological mechanisms underlying albuminuria in CHF[51].
MARKERS OF TUBULAR DAMAGE
Beside the marker of glomerular function, different markers reflecting tubular damage have been studied in order to obtain a more accurate evaluation of renal function.

The Neutrophil gelatinase-associated lipocalin (NGAL) is a lipocalin protein (25 kdal), which is produced by the kidney, but also by other organs (the trachea, lung, stomach and colon). After being filtered through the glomerulus, NGAL is reabsorbed in the proximal tubule. When the proximal tubule is damaged, filtered NGAL can not be totally reabsorbed and its urinary levels increase[52]. Furthermore, during tubular damage NGAL mRNA is transcribed and overexpressed in loop of Henle and collecting duct and its plasma and urinary levels rise considerably[53,54]. NGAL plasma levels can also be increased by systemic diseases such as inflammation and cancer, but urinary levels are less influenced by these conditions[54].
The N-acetyl beta glucosaminidase (NAG) is a protein produced in the proximal tubular cells which is excreted into the urine when a tubular injury occurs[55]. Its urinary levels are increased in acute and chronic kidney disease[56] but also in diabetes and hypertension.
The Kidney injury molecule (KIM1) is a transmembrane glycoprotein and its expression in proximal tubule cells increases significantly after hypoxic or nephrotoxic tubular injury[57]. Its urinary levels are high also in patients with polycystic kidney[58] and renal cancer[59].
NAG, NGAL and KIM 1 have been widely studied in the setting of AKI (Acute Kidney Injury),where they have had a diagnostic and prognostic role, and show an increase 24 hours prior to creatinine[60-63]. Recently, the utility of these markers in cardiorenal syndrome[25] has been evaluated by a number of studies, mainly involving patients with ADHF[64-67].

On the other hand, there are few studies which examine these markers in patients with CHF[68]. Damman et al[69] have shown a significant increase in urinary NGAL levels in these patients when compared to healthy controls, suggesting that renal dysfunction in CHF is characterised not only by a decrease in GRF and an increase in urinary albumin excretion but also by tubular damage. The renal perfusion decrease that occurs in CHF produces a GRF reduction and determines hypoxia leading to tubular damage.

Another study by Damman et al[70] showed that NGAL urinary levels were not correlated with prognosis, while urinary NAG and KIM1 were associated to a worse outcome (death, heart failure, hospitalisations and heart transplantation) and have an additional prognostic value compared to GRF. According to the authors, one explanation for this difference could be that NAG and KIM1 are produced in two different parts of the nephron and damage to the proximal part of the tubule may be more significant for the prognosis.

Finally, in a substudy of the GISSI HF trial[71] it has been confirmed that markers of tubular damage were strongly associated with HF hospitalizations and all cause mortality. In particular, NAG was the only marker remaining significantly correlated with a worse prognosis at multivariate analysis. This association was independent from estimated GFR and urinary protein excretion. 

Markers of tubular function could be also related to WRF. In another substudy of the GISSI HF trial[47] patients with WRF had higher NGAL, NAG and KIM1 levels. These outpatients with WFR had a worse outcome. A possible explanation could be that the increase in these markers is caused by renal hypoxia, leading to a progressive deterioration of renal function that makes the kidney more vulnerable. At multivariate analysis KIM1 was the strongest independent predictor of WRF among all associated variables (eGFR and albuminuria included).
Beside NAG, NGAL and KIM 1, also other markers of tubular damage have been proposed. 
IL 18 is a cytokine secreted by proximal tubular cells. When AKI occurs, it has been shown to increase more quickly than serum creatinine levels. It also increases in inflammatory status, therefore it is not highly specific[72,73]. Mallat et al[74] showed that, in ADHF, Il 18 plasma levels increased and were higher in patients who died during follow-up.
The fatty acid-binding proteins (FABPs) are proteins able to bind free fatty acids. Among the several tissue-specific isoforms, urinary levels of liver FABP (FABP-1) and heart FABP (FABP-3) can reflect AKI, because excreted when an ischemic tubular injury occurs[25]. Moreover, serum FABP levels have been associated to worse outcome in CHF patients[75].

RENAL CIRCULATION AND RENAL RESISTANCE INDEX
Markers of GFR and tubular damage offer information about the status of nephrons. However, kidney circulation also plays a key role in renal function. Consequently, the evaluation of renal circulation could provide useful parameters to add to the information obtained from the above mentioned biomarkers. 
Renal circulation
The kidney is a highly perfused organ, receiving 22% of cardiac output at rest[76]. After entering the hilum, the renal arteries divide into the interlobar, arcuate and interlobular arteries. Afferent arterioles originate from interlobular arteries, leading to the glomerular capillaries, and then to efferent arterioles. Efferent arterioles are followed by a second capillary network, i.e., peritubular capillaries, and finally by the venous system. The regulation of renal blood flow (RBF) is not dependent on oxygen demand, but on reflex and neurohormonal mechanisms underlying the control of afferent and efferent arteriole tone. These mechanisms are not discussed in this review, however it is worth noting that arteriole tone changes are the main determinants of arterial renal resistance. The arteriolar tone is determined by reflex mechanisms, such as myogenic effect and tubular-glomerular feedback, and neurohormonal mechanisms. Of the neurohormonal systems, sympathetic and renin-angiotensin-aldosterone are those which most influence efferent arteriolar tone, determining vasoconstriction and increased water and sodium reabsorption. Endothelin, nitric oxide, prostaglandins, bradichinin and natriuretic peptides are also involved in the regulation of arteriolar tone.

The self-regulation of RBF allows renal perfusion to be kept constant through a wide range of arterial pressure (70-180 mmHg). On the other hand, changes in venous renal pressure could affect RBF more than those of arterial pressure. In 1931 Winton[77] evaluated the reduction of RBF by changing arterial and venous pressures in isolated kidneys. The results demonstrated that the changes were greater when renal venous pressure had been increased. More recent studies have confirmed the association between central venous pressure and renal function worsening in acute, as well as in chronic heart failure[77-79]. The mechanisms by which central venous pressure could affect RBF are different. In particular, it can increase both intra-abdominal pressure and renal venous pressure. This leads not only to an increase in capillary pressure and a reduction in artero-venous gradient but also to greater interstitial pressures and, consequently, greater arterial renal resistances. 

Functional abnormalities of RBF and of renal resistances due to neurohormonal and hemodynamic changes could also lead to structural changes. Chade[76] demonstrated that the functional increase in renal vascular resistances could lead to ischemia, endothelial dysfunction, cytokine production and finally to fibrosis. This cascade of events causes a renal vascular rarefaction which could further induce CKD worsening.

On the basis of this pathophysiological background we can conclude that an increase in arterial renal resistances could represent an altered neuro-hormonal status, an increased central venous pressure, but it could also reflect the presence of parenchymal abnormalities and vascular rarefaction which favour CKD progression.
Arterial renal resistance index 
Arterial renal resistance index (RRI) is a non-invasive measurement of renal arterial resistance which is easily evaluated by Doppler technique (Figure 1). It is calculated using Pourcelot’s formula[80] since the peak systolic velocity and the end-diastolic velocity are obtained. Doppler evaluation of renal arteries is generally performed at the level of one or more interlobar arteries. In healthy adult subjects the RRI mean value is around 0.60 with no significant differences between the two kidneys[81]. An RRI greater than 0.70 is generally considered abnormal[82].

RRI has been found to be associated with renal parenchymal abnormalities. Platt e coll[83] first demonstrated the relationship between an increased RRI and parenchymal and vascular abnormalities assessed by renal biopsies. Later RRI has been found to be strongly associated with arteriolosclerosis, glomerulosclerosis, interstitial renal fibrosis and tubulo-interstitial lesions[84-88].

Our study group evaluated the independent predictors of RRI values in a large group of CHF outpatients with reduced ejection fraction. In a multivariate logistic regression model including univariate predictors, only age, systolic pulmonary pressure, central venous pressure, GFR, diabetes, logarithm of NT-proBNP, pulse arterial pressure and NYHA class remained significantly correlated to RRI. These results help to confirm the pathophysiological background responsible for the modification of RRI in CHF. In particular, RRI seems to carry information about renal artery abnormalities and/or alterations of arterial stiffness, as suggested by the correlation we found with the related parameters such as age, diabetes and pulse pressure. Moreover, the relationship between RRI and central venous pressure highlights the role of intra abdominal pressure and renal venous pressure in determining an increase in renal arterial resistances[89].

In a group of patients with CHF and preserved left ventricular ejection fraction, Ennezat and coll[90] first demonstrated the significance of RRI in predicting prognosis. In our series of outpatients affected by CHF (mainly due to a reduced left ventricular ejection fraction), we have also demonstrated the prognostic significance of RRI[89]. The combined end-point that we considered was death, urgent heart transplantation or hospitalization due to heart failure worsening. RRI was associated with events in an univariate Cox regression model (HR: 1.14; 95%CI: 1.09-1.19; P < 0.001; C-index: 0.77), but also in a multivariate model (HR: 1.08; 95%CI: 1.02-1.13; P: 0.004; C-index: 0.86) correcting for the independent predictors, i.e. LVEF, GFR and logNT-proBNP. Moreover, with the addition of RRI, the reclassification model showed an important rise according to both category-free net reclassification improvement NRI (47%; 95%CI: 13-80%; P: 0.006) and integrated discrimination improvement IDI (0.034; 95%CI: 0.006-0.061; P = 0.016). Likewise, in our series, RRI has been also found to be independently associated with an increased risk of death (at multivariate analysis: HR 1.06; 95%CI: 1.01-1.12; P: 0.023; C-index 0.783)[91]. 
The pathophysiological factors influencing RRI offer an explanation to the incremental prognostic value of this parameter when added to a model already including GFR. In addition to GFR, RRI could provide further information about renal function by reflecting not only glomerular function but also the other factors which influence the progression of kidney disease. Therefore, RRI could complete the information carried by GFR and allow a better characterization renal dysfunction in CHF. 

This is also supported by the fact that in our series RRI was able not only to predict heart failure progression but also worsening of renal function. At multivariate analysis a RRI > 70 was independently associated with an increase in creatinine > 0.3 mg/dL[92], regardless of baseline GFR values.

CONCLUSION

The evaluation of renal dysfunction is a cornerstone for CHF patients’ management. GFR estimation is, at present, considered the best parameter to assess overall kidney function and it is recommended for routinely use. However, serum creatinine, traditionally used to estimate glomerular filtration rate, has several limitations. As a consequence the use of other parameters to evaluate hyperfiltration, tubular function and hemodynamic status could be useful in order to better define renal function. To this purpose RRI, an echo-Doppler derived parameter, which reflects abnormalities of the renal vascular bed, seems to be very promising as it carries an independent and incremental information to detect patients with worse prognosis and increased risk of WRF. 
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Figure 1 Calculation of Renal arterial Resistance Index. Renal arterial Doppler was performed using a 4 MHz probe, with the patient in the sitting position and using a posterior approach to visualise the kidney. The course of the right or left kidney segmental arteries is visualised by color Doppler flow and, at the middle tract level of the best one visualised, pulsed Doppler is performed. Peak systolic velocity and end diastolic velocity are used to calculate the renal arterial resistance index according to Pourcelot’s formula.
Table 1Risk of chronic renal disease progression according to K/DOQI clinical practice guidelines[25] 
	
	Microalbuminuria
	

	GFR categories
	A1 

normal to mildly increased

< 30 mg/g
	A2 moderately increased

30-299 mg/gr
	A3 severely increased

> 300 mg/gr

	1
	Normal or high
	 > 90 mL/min
	Low risk
	Moderately increased risk
	High risk

	2
	Mildly decreased
	60-89 mL/min
	
	
	

	3a
	Mildly to moderately decreased
	45-59 mL/min
	Moderately increased risk
	High risk
	Very high risk

	3b
	Moderately to severely decreased
	30-44 mL/min
	High risk
	Very high risk
	Very high risk

	4
	Severely decreased


	15-29 mL/min
	Very high risk
	Very high risk
	Very high risk

	5
	Kidney failure
	< 15 or dialysis mL/min
	Very high risk
	Very high risk
	Very high risk


