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Abstract

Heart failure and kidney disease share common pathophysiological pathways which can lead to mutual dysfunction, known as cardiorenal syndrome. In heart failure patients, renal impairment is related to hemodynamic and non-hemodynamic factors. Both decreased renal blood flow and renal venous congestion due to heart failure could lead to impaired renal function. Kidney disease and worsening renal function are independently associated with poor prognosis in heart failure patients, both in acute and chronic clinical settings. The aim of this review is to assess the role of renal imaging modalities in the evaluation and management of heart failure patients. Renal imaging techniques could complete laboratory data, as estimated glomerular filtration rate, exploring different pathophysiological factors involved in kidney disease and adding valuable information about renal structure and function. In particular, Doppler examination of arterial and venous hemodynamics is a feasible and non invasive technique, which has proven to be a reliable method for prognostic stratification in patients with cardiorenal syndrome. The renal resistance index, a measure related to renal hemodynamics, can be calculated from the Doppler evaluation of arterial flow. Moreover, the analysis of Doppler venous flow patterns can integrate information from the arterial study and evaluate renal congestion. Other imaging modalities are promising, but still confined to research purposes.
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Core tip: Kidney disease is a common condition affecting heart failure patients. Cardiorenal syndrome defines the complex interaction with mutual deterioration of these organs. This review aims to describe currently available renal imaging techniques, especially arterial and venous Doppler, and to discuss the potential usefulness of promising research methodologies.
Grande D, Terlizzese P, Iacoviello M. Role of imaging in the evaluation of renal dysfunction in heart failure patients. World J Nephrol 2017; In press
Introduction
Over the last few years, there has been growing interest in the interaction between heart and kidney disease, especially in the clinical setting of heart failure (HF). Cardiovascular and renal diseases share common pathophysiological pathways, as the heart function is greatly influenced by fluid balance operated by the kidney. On the other hand, renal function is strictly dependent of blood flow and pressure, both downstream and upstream of the heart[1,2]. This interaction can lead to a mutual deterioration that has been defined as cardiorenal syndrome (CRS), i.e. the complex condition in which the acute or chronic impairment of one organ can lead to the deterioration of the other[3].
The mechanisms involved in the pathogenesis of renal dysfunction in acute and chronic scenarios are primarily hemodynamic. Both decreased renal blood flow and renal venous congestion are independent determinants of worsening renal function (WRF) in patients with heart failure[4]. Impaired cardiac index or intravascular volume depletion caused by aggressive diuretic therapy lead to renal hypoperfusion and eventually to reduction of glomerular filtration rate (GFR). Furthermore, renal venous congestion has an even greater importance in WRF[5]. High venous pressure can increase renal interstitial pressure and glomerular capillary pressure, impairing filtration function and reducing GFR[6]. In addition, non hemodynamic factors are involved in WRF, such as neuro-hormonal hyperactivation, endothelial dysfunction and underlying intrinsic kidney disease. Renal impairment and WRF are independently associated with mortality in HF patients, both in acute and chronic settings[7-10].

Different imaging modalities can explore renal dysfunction, regarding anatomy, perfusion and estimated pressures. The aim of this paper is to analyze the use of current techniques in the diagnosis and management of heart failure patients. Renal imaging techniques are summarized in table 1, with respective advantages and limitations. In particular, we will focus on renal Doppler techniques used to calculate arterial resistive index and evaluate abnormal spectral venous patterns in order to identify venous congestion.

Renal ultrasonography

Ultrasound is a safe, low-cost and easily available technique for the morphological evaluation of kidneys. It is especially helpful in differentiating acute from chronic kidney disease and ruling out urinary obstruction as a cause of renal impairment. Normal renal long axis is 10-12 cm and is associated with height[11]. Reduced dimensions are usually seen in chronic kidney disease, although not every chronic alteration may show small kidneys. Increased kidney volume may occur in infiltrative diseases (lymphoma, amyloid nephropathy), parenchymal edema and inflammation, and renal vein thrombosis. Normal parenchyma is isoechoic or hypoechoic compared to the liver. Increased echogenicity is typically associated with chronic disease and is caused by the presence of fibrosis, inflammatory infiltrates and proteinaceous casts[12,13].

In the acute prerenal failure due to HF (i.e. cardiorenal syndrome type 1), there are no specific findings at the conventional ultrasound examination. In the absence of pre-existing abnormalities, renal dimensions and cortical thickness are generally normal. Increased echogenicity may occur in case of long-standing renal hypoperfusion. Furthermore, signs of urinary tract obstruction are absent and the bladder should be empty[14].

In cardiorenal syndrome type 2 nonspecific ultrasonographic parameters of chronicity have been observed. Renal dimensions are reduced, with thinner cortex and reduced cortex-medulla ratio. Hyperechoic cortical parenchyma is commonly caused by interstitial fibrosis. As for kidney disease associated with acute heart failure, no signs of urinary obstruction are expected, provided no renal comorbidity are present[15].

Renal artery echo Doppler and arterial renal resistance index

The role of ultrasound in HF patients is greater when the study of renal flow by pulsed Doppler technique is considered. In particular, Doppler evaluation allows the evaluation of both arterial and venous renal blood flow. 
Doppler technique to assess arterial resistance index
The evaluation of arterial flow provides a measure which reflects the complex pathophysiological mechanisms underlying the progression of renal kidney disease in HF, i.e. the arterial renal resistance index (RRI). The non invasive evaluation of renal arterial hemodynamics is currently allowed by use of Doppler ultrasound. Resistance index is a commonly used variable calculated by the spectral analysis of arterial Doppler waveform using Pourcelot’s formula, i.e. peak systolic velocity minus end-diastolic velocity, divided by peak systolic velocity[16] (Figure 1). In the kidney circulation, RRI is calculated analyzing the intrarenal arterial waveform at the level of segmental arteries[17]. The classical ultrasound technique used in order to evaluate renal arteries is the anterior approach with a convex probe. It is also possible to perform the Doppler analysis during a routine echocardiographic examination with the same probe and the patient in a sitting position, with a posterior approach to the kidney[18]. 

In healthy adults, normal renal RI values are around 0.60, with a difference between the two kidneys of less than 5%-8%[19]. An RI of 0.70 or higher is considered abnormal and generally predictive of an unfavourable outcome[17,20]. RI reproducibility is considered good in most cases: when performed by experienced investigators, intra-observer variability ranged from 2.07% to 5.1% and inter-observer variability ranged from 3.61% to 6.2%. Differences in RI values between 0.05 and 0.04 are not significant[21].
Physiopathological mechanisms related to RRI
Glomerular blood pressure, and consequently renal blood flow (RBF), is one of the main driving forces of glomerular filtration. Unlike other organs, RBF is not primarily regulated on the basis of oxygen demand. Reflex (myogenic reflex and tubular-glomerular feedback) and neurohormonal mechanisms are mainly involved in the control of RBF, acting at the level of efferent and afferent arteriolar tone. The autoregulation mechanisms stabilize renal perfusion within a range of arterial pressure between 70 and 180 mmHg. RBF and GFR are adjusted in parallel and fluctuations of arterial pressure, both in physiological and in pathological conditions within the autoregulatory range, will not lead to substantial changes in filtration. Out of autoregulatory range, GFR becomes greatly dependent on RBF[22,23].

In normal conditions, a decrease in cardiac output (CO) will cause the autoregulatory system to reduce renal resistances, in order to keep renal flow (and GFR) within normal range. A depletion or an overrule of these regulatory systems by neurohormonal mechanisms, as in heart failure, could potentially determine a dissociation between CO and RBF, related to an increase of intrarenal resistances. So the increase of arterial resistances, e.g. due to hyperactivation of sympathetic nervous system, could lead to a disproportional decrease in renal perfusion pressure and RBF in the presence of reduced CO, that will result in a deteriorated glomerular filtration and WRF[23]. In renal circulation, the arterial resistances are affected by a number of factors other than the arteriolar tone: arterial stiffness, atherosclerosis, parenchymal lesions and renal venous congestion.
A sustained increase in renal resistances, due to long-standing vasoconstriction, leads to a decrease in the number of the perfused vessels without anatomical changes in microvascular anatomy. The functional (or structural) loss of vessels has been termed vascular rarefaction[24]. A persistent functional rarefaction, whatever the cause, may lead to progressive vascular changes (i.e. vascular remodelling) caused by tissue ischemia, release of enzymes and growth factors which in turn result in fibrosis. Therefore the functional rarefaction could cause a structural rarefaction, with an actual reduction in renal vasculature and a permanent increase in arterial resistances[25]. The microvascular rarefaction is associated with reduced RBF and, eventually, impaired glomerular function.

Renal arterial resistance index and clinical correlates
RI doesn’t reflect vascular resistances with a totally linear relationship, instead it has a complex interaction with resistances and vascular compliance, as evaluated in experimental in-vitro and ex-vivo models[26-29]. Heart rate and rhythm disturbances can also independently affect RI values, as different diastolic duration in extreme bradycardia and tachycardia can alter end-diastolic velocity[30,31].

A recent study evaluated the physiological and pathological determinants of RI in a population of chronic heart failure patients with depressed ejection fraction. As expected from the results of experimental models, RI was independently correlated with factors commonly associated with renal artery abnormalities and increased arterial stiffness, such as age, diabetes, and pulse pressure. Other significant predictors are systolic pulmonary pressure, GFR, and NYHA class. Furthermore, central venous pressure (CVP) is also a significant determinant of RI, because an increase in CVP and intra-abdominal pressure will lead to an increase in renal interstitial pressure and consequently in vascular resistances[18].

The prognostic role of RI was initially evaluated in patients with renal parenchymal abnormalities. Increased RI values were associated with tubulointerstitial and vascular lesions at the renal biopsy[32]. Moreover, patients with higher values showed poorer renal prognosis, with a greater risk of worsening renal function over time[33].

Prognostic relevance of RRI in HF
In the clinical setting of HF, renal RI was first evaluated in a population of patients with HF with preserved ejection fraction. RI was higher in patients with HF, compared to controls affected only by arterial hypertension and it was also associated with poor prognosis[34]. The role of RI in predicting worse outcomes was also studied in the setting of HF with reduced ejection fraction[18]. In this series of CHF outpatients, RI was independently associated with a composite endpoint reflecting HF progression: hospitalization due to acute decompensated HF, urgent heart transplantation and death due to worsening HF. The prognostic role of RI was independent from GFR, as patients with an RI above 0.75 were at higher risk of events irrespective of GFR values[18]. Subsequently, RI was also associated with all-cause mortality in the same population[35]. In the setting of CHF, RI was independently associated with one year worsening of renal function (increase in creatinine level > 0.3 mg/dl) and with an usage of high doses of loop diuretics[36,37]. Therefore higher values of RI could predict poor diuretic response and identify patients prone to diuretic resistance, possibly because increased renal resistances lead to a reduced delivery of diuretic drugs to the site of action.

Renal RI shows an incremental role compared to GFR in the evaluation of renal function in HF patients. Taking into account different pathophysiological pathways, RI could be used together with estimated GFR in order to better define renal function in this population, considering not only glomerular filtration function, but also hemodynamic and systemic factors eventually related to WRF and prognosis.

Renal venous echo Doppler and venous patterns

Doppler technique to assess venous flow
In addition to arterial flow profile, echo Doppler techniques allow the analysis of venous flow. The Doppler assessment of renal venous waveform is performed at the middle tract level of an interlobar vein, based on color Doppler signals. Venous waveform is recorded at the end of expiration of suspended respiration with a posterior approach and the patient in a lateral decubitus position or in a sitting position (Figure 1). Renal venous impedance index (VII) is a measure of vein pulsatility and is calculated from Doppler waveform, i.e. maximum velocity minus minimum velocity, divided by maximum velocity.

Physiopathological mechanisms related to venous flow pattern
Besides reduced arterial flow, the role of increased central venous pressure and renal venous congestion is now widely accepted as one of the main pathophysiological mechanisms in impaired renal function both in chronic and acute decompensated heart failure[5,38]. Ex-vivo animal models, as far back as the 1931, have demonstrated the association between renal venous congestion and reduced RBF. In isolated kidneys, increased venous pressure leads to greater reduction in RBF, compared to changes in renal arterial pressure[39]. Subsequently, it has been reported that patients with HF have elevated renal venous pressure compared to subjects with no evidence of cardiovascular or renal disease[40].

The consequences of venous congestion for renal hemodynamics and function are different. A high renal venous pressure would cause congestion of peritubular and glomerular capillaries, reducing the arterio-venous gradient over renal circulation and thereby impairing blood flow. In normal kidneys, the autoregulation will keep GFR within normal range despite the decrease in RBF. If regulation mechanisms are depleted, the reduced pressure gradient could impair glomerular filtration and lead to renal dysfunction. Furthermore, venous hypertension will also be transmitted to the low-compliance interstitium, because of the stiffness of renal capsule, causing an increase in insterstitial pressure. The high renal interstitial pressure will increase tubular pressure and The high renal interstitial pressure will increase tubular pressure and, upstream, also the Bowman's capsule hydrostatic pressure, reducing the gradient between glomerular capillary pressure and capsular pressure, one of the basic forces for filtration function. Decreasing the net filtration pressure, renal congestion will directly affect GFR, independently from RBF[17]. 
Venous flow pattern and clinical correlates
Renal veins have phasic flow associated with respiration and right atrial function. Left vein phasicity is attenuated because of the entrapment in the fork between the abdominal aorta and the superior mesenteric artery. Veins are high capacitance vessels, with negligible resistance to blood flow, so pulsatility is strictly dependent on surrounding tissue compliance. The main determinants of intrarenal vein flow patterns are parenchymal histology, central venous pressure and abdominal pressure[41]. Besides the association with tissue characteristics, renal venous flow is strictly dependent on right heart function. The increase in CVP during end-diastole (corresponding to atrial contraction) can be transmitted to renal veins, especially in patients with congested inferior vena cava and hepatic veins as in HF, causing the damping or eventually the reversal of vein flow.

Renal venous flow was initially evaluated in obstructive kidney disease: since one of the main determinants of pulsatility is parenchymal compliance, it has been thought that Doppler waveform could be useful to diagnose acute obstructive uropathy before anatomical alterations occur. In fact reduced tissue compliance, caused by uropathy, results in dampening of the renal venous signal[42,43]. Moreover, venous Doppler study showed a greater sensitivity than RI in order to evaluate obstructive uropathy[44]. Venous waveforms have also been evaluated in a population of patients with diabetic nephropathy: diabetic patients show diminished venous modulation, with significantly lower VII values compared to healthy subjects. This could be due to interstitial fibrosis progressively reducing parenchymal compliance[41].
Prognostic relevance of venous pattern in HF
Iida et al evaluate intrarenal venous flow and VII in a population of outpatients and hospitalized patients affected by heart failure. They found three vein flow patterns: continuous, biphasic discontinuous and monophasic discontinuous. Patients with monophasic flow were generally older, with worse renal function, elevated right atrial pressure (RAP) and lower hepatic S/D ratio. At the multivariate analysis intermittent patterns were associated with significant hemodynamic factors reflecting venous congestion. In particular, monophasic pattern was associated with right ventricular fractional area change, moderate to severe tricuspid regurgitation, higher RAP and lower hepatic S/D ratio. Furthermore, discontinuous patterns were associated with worse prognosis, independently of CVP and hepatic vein flow[45].

Recently our group evaluated renal venous waveform in a large population of HF outpatients with reduced ejection fraction. Five venous patterns were identified: flow with normal velocity decrease of telediastolic velocity without interruption (pattern A); continuous flow with reduced modulation (pattern B); forward flow with short presystolic interruption or reversal (pattern C); polyphasic intermittent flow (pattern D); monophasic intermittent flow, with one forward and one reversal wave (pattern E). As in the previous study, patients with intermittent flow patterns (pattern D and E) had worse clinical conditions in our series: they had higher estimated RAP and pulmonary artery systolic pressure, more severe tricuspid regurgitation and worse renal function. Moreover, we confirmed the prognostic role of venous patterns in HF: pattern C, D and E were associated with events during follow up at the univariate and multivariate analysis. Patients with intermittent pattern (D and E) showed worse prognosis compared to other groups, while pattern C was associated with an intermediate risk for events. In pattern C we observed the interruption or reversal of flow during atrial contraction, probably related to mild increase in CVP. This pattern may identify patients in the early phase of renal congestion. Differently from the study of Iida et al, there were no prognostic differences between polyphasic and monophasic intermittent patterns, they are both related to worse venous congestion and identify patients at higher risk[46].

In conclusion, venous Doppler evaluation shows an incremental prognostic role in the clinical setting of heart failure. Information about renal congestion carried by venous patterns may integrate the arterial study performed with RI in order to better characterize the renal impairment in HF.
Computed tomography

Albeit computed tomography (CT) is considered the gold standard in the assessment of renal stones and masses, its role in the evaluation of kidney function, referred as GFR and RBF, is limited in clinical practice. The so-called “functional CT” can provide useful information about GFR, but it is currently only performed in a few centres and its suitability, particularly in patients with impaired renal function, is hampered by the risk of contrast induced nephrotoxicity[47].
In this regard, Hackstein et al. have demonstrated a good correlation between GFR, measured with iopromide plasma clearance (considered the gold standard method in this study), and GFR measured by triphasic helical CT of the abdomen (i.e. unenhanced examination followed by two contrast medium enhanced exams in the arterial and portovenous phase). Nevertheless this study highlighted several limitations regarding the routine use of this technique in clinical practice; first of all, patients with acute kidney injury having been excluded from recruitment, they could not be eligible for this techique; secondly, to justify radiation exposure, GFR measurement by functional CT was performed in patients who underwent triphasic helical CT for clinical reasons other than kidney dysfunction[48]. In the setting of heart failure, there is very scarce literature about this topic.

Nuclear imaging
The functional evaluation of kidneys is commonly performed with the use of radioisotopes, with Technetium (99m Tc) preferred above all for its short half-life and low radiation exposure, bound to non-metabolized molecules, namely DTPA for GFR measurement and MAG3 for renal blood flow. This technique can help us to distinguish between the different forms of AKI. In case of prerenal azotemia (as in the setting of cardiorenal syndrome type 1) renal uptake of MAG3 is normal, within 1-2 min following injection, whereas in parenchymal and vascular diseases (as in Acute Tubular Necrosis) it is expected to be reduced. In the late phase, about 20 min after tracer injection, we would expect a rise in renal uptake in patients with pre-renal or renal AKI, and a decrease of it in case of obstructive uropathy[47,49]. 

In addition to functional data, important structural information can be obtained by performing Positron Emission Tomography (PET). This technique, when combined with CT scanning has the great advantage of combining anatomic and functional data, thus enabling localization of abnormally functioning renal areas. However nowadays its clinical applications are scarce and usually limited to research purposes[47].
Magnetic resonance imaging
Magnetic resonance imaging (MRI) offers the optimal combination between spatial resolution and functional evaluation, in other words between a structural and a functional study[40,50,51]. Furthermore, it avoids the use of iodinated contrast media and radioisotopes, which is obviously of great advantage in patients suffering from CKD. The main issues with this promising imaging modality are the lack of standardization in its different protocols, with the subsequent inter-observer variability, and the need for interventional studies that should validate this technique showing their clinical value. 
MRI provides a pretty wide range of approaches in the assessment of renal function: from the classical parameters GFR and RBF to more innovative ones, such as renal blood oxygenation[52] and single glomerulus volume[53].
Information about RBF is classically obtained by phase-contrast MRI of the renal artery. This method exploits the magnetic properties of the water molecules, located in the blood, when excited by the magnetic fields[54]. This can let us avoid the use of gadolinium and hence, it is particularly useful in those patients, with severely reduced kidney function (GFR < 30 mL/min), in whom the use of gadolinium would expose the risk of SNF (systemic nephrogenic fibrosis).

On the other hand, the determination of GFR is substantially based on the evaluation of the filtration rate of a substance (gadolinium) which is filtered by the glomerular membrane but not reabsorbed from the tubular lumen, just like inulin (used as the gold standard in the assessment of GFR). 

In this regard, the most common approaches in clinical practice are two[52]: the first, Patlak-Rutland plot technique, refers to a two compartmental model (only preglomerular and intra-tubular compartments are taken into account) and evaluates the change in signal intensity of a ROI located in the renal cortex; the extent of the signal increase in the cortex after bolus injection is correlated with glomerular filtration rate[55]. the second consists of evaluating the GFR by considering the wash-out of the filtration marker, i.e. gadolinium, from the interstitial space, represented by a ROI in the liver[56]. This method has been adopted in both healthy and CKD affected patients showing reasonably good results[57,58]. The main draw-back is the long time required for acquisition (about 70 min)[52].

Alternatively, GFR can be obtained indirectly from the measurement of renal blood flow (RBF) and renal extraction fraction (REF) which is derived from the intensity gradient of the gadolinium between the renal artery and renal vein. As the REF is equal to the ratio between GFR and RBF, the GFR is determined through the product between RBF and REF[52,59]. 
Recently, the world of MRI for the study of kidney function has seen a further development towards the microscopic level and molecular imaging, such as with BOLD (blood oxygen level dependent) MRI and MRI detectable nanoparticles. The BOLD MRI offers the unique chance of evaluating renal tissue oxygenation relying on the different magnetic properties of haemoglobin. Oxygenated haemoglobin is diamagnetic, while deoxygenated haemoglobin shows paramagnetic activity, thus yielding a drop in the T2* curve that corresponds to a decrease in image signal intensity[60]. Despite still being in a primordial phase and hampered by the variability of absolute values between the studies, this technique shows indisputable advantages when compared to other gross types of renal function evaluation and could open the door to a possible use in clinical settings not necessarily related only to primitive renal disease. This could be the case, for example, with cardiorenal syndrome type 1, i.e. acute deterioration of kidney function secondary to heart failure. We know from physiology, confirmed by a few studies[52], that renal parenchyma exhibits inhomogeneous oxygenation and that the medulla region is more sensitive to a reduction in blood oxygen supply. We can then postulate that, a drop in renal perfusion, secondary to heart dysfunction, could lead to a rise in deoxygenated blood to the medulla and thus in T2* curve decay well before an increase in serum creatinine would be detectable. 

When the limits of BOLD effect are overcome we will be able to use this technique to deeply understand the mechanisms underlying CRS and, possibly, promptly recognize and prevent kidney ischemia at an early stage. Currently there are no studies or trials available about this topic.

Moreover, the technique based on utilization of MRI detectable nanoparticles is also promising. 

This revolutionary method would allow the evaluation of the volume and of the structural changes involving the single glomerulus, using an MRI detectable targeted marker. The specific molecule adopted is ferritin, which, with its superparamagnetic properties, can perturbate the magnetic fields of nearby protons and reduce their T2 and T2* relaxation time. This, in turn, will result in a reduction of the MRI signal intensity or, in other words, in a dark spot. Furthermore, ferritin is artificially cationized in order to consent binding with negative charges of proteoglycans located in the basal glomerulus membrane (BGM). In this way, after the systemic injection of the detectable molecule, we are able to image every glomerulus as a dark spot in the renal cortex[53]. 

The horizons opened by this method are obviously huge but, for now, confined mainly to preclinical studies.

Conclusion
Kidney disease in the setting of heart failure identifies patients prone to adverse events independently from cardiac function. Therefore, the assessment of renal function has a key role in the management of HF patients. Renal imaging could have a complementary role in relation to laboratory data: imaging techniques explore different pathophysiological pathways involved in renal disease and may identify a worsening of function even before an increase in serum creatinine occurs. In particular, Doppler examination of arterial and venous waveforms provides a feasible and non invasive evaluation of renal hemodynamics, considering systemic and parenchymal factors involved in cardiorenal interaction. With regard to other imaging modalities, even though they seem promising in providing insight to kidney function and microscopic changes, most of them are, so far, still confined to research purposes.
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Figure 1 The arterial and venous Doppler evaluation is summarised. For renal venous Doppler the continuous and intermittent patterns are represented.
Table 1 Advantages and limitations of renal imaging techniques
	
	Clinical relevance
	Advantages
	Limitations

	Bidimensional ultrasonography
	Morphological evaluation (dimensions; echogenicity; corticomedullary ratio)
	Fast; highly feasible in clinical practice; excludes obstructive uropathy and some parenchymal abnormalities
	Nonspecific

	Arterial RI (Doppler)
	Indirect evaluation of arterial hemodynamics (resistances and vascular compliance) and parenchymal alterations
	Fast; highly feasible in clinical practice; prognostic value
	Influenced by renal obstructive arterial disease; lower accuracy with irregular rhythms 

	Venous pattern (Doppler)
	Indirect evaluation of venous congestion, right atrial function and parenchymal compliance 
	Fast; highly feasible in clinical practice; prognostic value
	Lack of standardization

	Computed tomography (CT)
	Evaluation of GFR through measurement of contrast wash-out
	High spatial resolution
	Nephrotoxicity of contrast media; radiation exposure

	Nuclear imaging
	GFR and RBF estimation through DTPA and MAG3 99mTC labelled uptake intensity measurement
	Low radiation dose
	Radiation exposure

	MRI
	
	No radiation exposure
	Time consuming; expensive

	Phase-contrast MRI
	Evaluation of RBF
	No use of Gadolinium
	Breathing movement artefacts

	Dynamic MRI
	Evaluation of GFR through measurement of signal attenuation
	Reliable
	Particularly time consuming (> 70 min)

	BOLD MRI
	Evaluation of renal parenchymal oxygenation exploiting superparamagnetic properties of desoxyHb
	No use of Gadolinium; unique method to assess this parameter
	Lack of standardization; low signal change of BOLD effect; no clinical applications



	MRI detectable nanoparticles
	Evaluation of single-glomerulus volume and structural changes
	No use of Gadolinium; unique method to image renal parenchyma at microscopic level
	Prone to movement artefacts; possible toxicity of nanoparticles; no clinical applications


BOLD: blood oxygen level dependent; GFR: glomerular filtration rate; MRI: Magnetic resonance imaging; RBF: renal blood flow.
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