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Urine biochemistry (UB) remains a controversial tool in acute kidney injury (AKI) monitoring, being considered to be of limited value both in terms of AKI diagnosis and prognosis. However, many criticisms can be made to the studies that have established the so called “pre-renal paradigm” (used for decades as the essential physiological basis for UB assessment in AKI) as well as to more recent studies suggesting that UB has no utility in daily clinical practice. The aim of this article is to describe our hypothesis on how to interpret simple and widely recognized urine biochemical parameters from a novel perspective, propose the rationale for their sequential assessment and demonstrate their usefulness in AKI monitoring, especially in the critical care setting.
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Introduction

Serum creatinine (sCr) and urine output (UO) have long been used as the cornerstones for renal function monitoring and for the diagnosis of acute kidney injury (AKI). All established AKI criteria (1–3) are based on these two parameters. However, their limitations as real-time biomarkers of renal damage are well-described (4, 5) and sCr is known to increase only after a significant decrease in the glomerular filtration rate (GFR). Changes in creatinine production, volume of distribution as well as tubular creatinine secretion preclude sCr to be an ideal biomarker in GFR fluctuations, a common circumstance encountered by critically ill patients (6, 7). Even though decreases in UO are frequently deemed to be a marker of renal function loss, this is not mandatorily true: oliguria may be a physiological response to states of systemic stress (8).

Urine electrolyte measurement has been proposed many decades ago (9–11) as a useful tool to distinguish AKI caused by low renal perfusion (the so-called pre-renal AKI) from AKI due to structural renal damage, typically attributed to acute tubular necrosis (ATN). The concept of avid Na+ retention as a marker of low renal perfusion is still contemporary in most medical textbooks. Albeit these ancient studies have several limitations including insufficient samples, as well as extremely elevated values of mean sCr (inferring advanced AKI at the time of sample collection), low values of both urine sodium (NaU) and fractional excretion of sodium (FeNa) are still interpreted as classic markers of reduced renal blood flow (RBF). Later, fractional excretion of urea (FeUr) was proposed as a better tool to identify pre-renal AKI in the context of diuretic therapy (12, 13) due to the theoretical framework on the minor impact of diuretics on urea reabsorption. Nevertheless, this concept was lately questioned by other investigators (14).

More recent articles have challenged the “pre-renal paradigm,” particularly in septic patients (15, 16). The documentation of low NaU values under normal or even increased RBF seen in hyperdynamic sepsis raised the question of whether urine biochemistry (UB) is useful in the assessment of volemic status and renal perfusion, the main roles played by UB in AKI monitoring so far. The authors then concluded that UB is not a useful diagnostic and prognostic tool in critically ill patients (16). In fact, many articles failed to demonstrate a correlation between urine biochemical values and AKI severity, etiology (17, 18), or current histopathological condition of the kidneys (19, 20). In an attempt to address the paradoxical finding of NaU decrease along with parallel RBF increase described in experimental sepsis (21), we hypothesized that low NaU values could actually be a signal of microcirculatory impairment of the kidneys not mandatorily caused by reduced RBF (22). In fact, dissociation between macro and microcirculation has been frequently reported in septic patients (23). Although their cardiac output may be high, the microcirculatory blood flow is stagnated as pointed out by simultaneous increases (rather than decreases) in sublingual PCO2, another biomarker of microcirculatory impairment (24).

In this article, we aim to suggest simple and feasible alternatives to the classic renal function assessment involving sCr and UO and to show, in our point of view, how sequential assessment of UB may add to real-time, dynamic renal function monitoring.



Improving the interpretation of serum creatinine and urine output: The role of urine creatinine concentration

Decreases in GFR lead to creatinine excretion impairment with a consequent creatinine accumulation in the blood. Indeed, urinary creatinine excretion is by far the most common pathway for creatinine elimination from the body. Increases in sCr are a late event during AKI development because it is the final step in the process of falling creatinine excretion. Considering a constant creatinine production, sCr rise is preceded by the decline of creatinine filtration, the true marker of a decreasing GFR. Many hours or even days separate these two events: increases in tubular creatinine secretion and body fluid accumulation (25) may delay elevations in sCr. A reliable method for early identification of impairment of creatinine excretion is to quantify the mass of creatinine excreted over a certain time period (6 h, for example). The mass of excreted creatinine is the result of the balance between UO and urine creatinine concentration (CrU), a parameter routinely not assessed in clinical practice (26).

Healthy kidneys have the ability to keep a constant creatinine excretion in a wide range of urinary flows. Therefore, a low CrU does not imply reduced creatinine excretion in patients with high UO. Conversely, prolonged oliguria is common in postoperative patients and not always followed by increases in sCr (27, 28). This is explained by a preserved mass of creatinine excreted per unit of time which means a great ability to concentrate creatinine in a lower urine volume. On the other hand, a disproportional reduction in CrU may compromise creatinine excretion even in the presence of a theoretically adequate or augmented UO: the classic “non-oliguric” AKI, previously called non-oliguric acute renal failure (29, 30). In practical terms, both quantity and “quality” of the urine (31) are equally relevant to renal function evaluation and the “quality” of the urine can be assessed to a large extent by UB.

Although all this seems simple and intuitive, it is important to bear in mind that the interpretation of CrU in the setting of an increased sCr value is more complex. Increases in CrU have been described secondarily to raised sCr values (32). Nevertheless, CrU measurement is useful and must be one of the urine biochemical parameters to be assessed in the dynamic monitoring of renal function, especially in patients with normal sCr values.



Controversies in the use of fractional excretion of electrolytes in acute kidney injury monitoring


Are the traditionally measured fractional excretion of sodium and fractional excretion of urea the best options?

It is not feasible to monitor real-time renal function only by using blood parameters, including sCr. The combination of sCr with UO has also several limitations as early markers as described above. Similarly to low NaU and low FeNa (<1%), reduced FeUr (<35%) has been proposed as an indicative of low renal perfusion. However, all of them have failed to be of diagnostic or prognostic value in critically ill patients (16, 33). Again, the main limitation of the studies using FeNa and FeUr is that these parameters were assessed after AKI diagnosis has been made and commonly measured at a single time point. FeNa has an additional limitation: its usual value is already very low in critically ill patients with no AKI (34) so that it is difficult to observe further decline in its measurement in the early phase of AKI development. The advantage of sequential measurements of NaU rests partially in the amplification of FeNa behavior: in other words, a minor reduction in FeNa may lead to a substantial decrease in NaU.



Fractional excretion of potassium: Should we keep on ignoring it?

We have previously proposed the use of the fractional excretion of potassium (FeK) as a reliable parameter for AKI monitoring (33). In the early course of GFR decrease, FeK increases because there is an augmentation in tubular K+ secretion that parallels a decreasing K+ filtration in the glomeruli. This phenomenon postpones the rise in serum K+ (sK) as well as the decline in K+ excretion during AKI development. Both FeK and urinary K+ excretion have been proposed as useful parameters in renal function monitoring (33, 35–39). FeK is very different from urinary K+ excretion: the former tends to elevate in AKI development while the latter tends to drop. When calculating the fractional excretion of any electrolyte, an elevated result may be directly influenced by increases in sCr. This could be merely a mathematical coupling because sCr is included in fractional excretion’s formula. Thus, a cautious approach is recommended in the interpretation of fractional excretion of electrolytes whenever sCr is augmented. From this point of view, urinary K+ excretion has the advantage of not being directly affected by sCr and is promptly available without blood sample collection. It must be obtained over a certain time period, which can be as short as 2 h (36, 37). Although FeK calculation has the practical disadvantage of needing both serum and urinary sample collections, it is usually difficult to interpret urinary values uncoupled with their corresponding blood counterparts.

Considering a normal serum K+, FeK formula basically includes sCr, urinary K+ concentration (KU) and CrU:
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Serum K+ (sK) and urinary K+ (KU) in the same unit (mEq/L or mmol/L) and sCr and CrU also in the same unit (mg/dL or μmol/L).

Once that both sCr and sK are sustained within normal range until the onset of significant decreases in GFR, the (sCr/sK) ratio remains constant in the early stages of renal function loss, at a value around 0.2 to 0.25 (sCr in mg/dL). To obtain this constant, sK and the baseline sCr of the patient are used. For example:
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Therefore, FeK elevation could be attributed to increases in (KU/CrU) ratio. In normal conditions, this ratio is approximately 0.5 (CrU in mg/dL). A normal range of FeK is then around 10–12% (in the example: 0.5 × 0.225 = 0.1125 = 11.25%) (40).

As a matter of fact, (KU/CrU) ratio is representative of the adequacy of creatinine excretion per unit of urine volume. KU is usually inversely related to UO: oliguric patients have increased KU and polyuric patients have low KU. As mentioned above, because the remarkable signal of creatinine excretion is the mass of excreted creatinine and not its concentration, creatinine can be adequately excreted in either low or high UO. Consequently, oliguric patients may adequately excrete creatinine if they are able to proportionally augment CrU. In other words, if KU elevates in an oliguric state accompanied by a proportional increase in CrU, this implies a preserved ability to excrete creatinine and, in this scenario, oliguria is not followed by a significant sCr increase.

The normal value of KU in a spot urine sample is usually around 40–50 mEq/L (34). For instance, patients with a KU of 40 mEq/L and a CrU of 80 mg/dL are probably excreting a similar mass of creatinine than if they had a KU of 100 mEq/L and a CrU of 200 mg/dL but, in the latter case, a lower UO is expected. In both conditions, the (KU/CrU) ratio of 0.5 in the context of normal sCr argues against subsequent increases in sCr.

In practical terms, FeK may be considered the “future index” of sCr, i.e., it signals the future tendency of sCr. In another example, if a patient has a sCr of 1.0 mg/dL, sK of 4 mEq/L, and a FeK of 20%, subsequent sCr rise is expected, though it does not mean this will mandatorily happen. This situation is particularly common in the immediate postoperative period and it may be an early signal for the risk of AKI development (38, 39). If FeK is 10% instead, elevations in sCr are not expected in the short term. A high (KU/CrU) ratio reflects an imbalance between UO and creatinine excretion in patients with normal sCr levels. Thus, an initial increase in FeK is the result of an increase in (KU/CrU) ratio. Therefore, FeK signals loss of GFR even when sCr and sK have not yet changed. However, in many patients, sCr does not increase postoperatively, even if FeK is high at ICU admission. This is explained by a significant and fast decrease in (KU/CrU) ratio. Such rapid change from a high to a low (KU/CrU) ratio is an interesting physiological observation that corresponds to the swift recovery from the initial renal microcirculatory disturbance induced by the surgery, reducing FeK and precluding increases in sCr. This means that the kidneys in these cases were able to quickly readjust creatinine excretion to the ongoing UO, no matter if urine volume was high or low. Postoperative oliguria may be physiological in patients that have adequate creatinine excretion despite low UO. This is the reason why sCr is not expected to increase in this situation despite the presence of oliguria. Also, it supports the concept that the kidneys are well adapted and no further interventions are needed. Many intensivists would certainly give a fluid challenge based merely on the presence of oliguria, a practice that may cause more harm than benefit. In terms of physiological oliguria, the urine biochemical composition is usually represented by a normal (KU/CrU) ratio due to both high KU (low UO), and proportionally high CrU, suggesting high creatinine concentration in a small urine volume.

Equally important, in a patient with established AKI, the detection of FeK decline may anticipate the identification of resolving AKI as falling measures of (KU/CrU) ratio suggest improved creatinine excretion even before sCr begin to decrease. However, as stated above, the interpretation of urinary biochemical parameters, particularly those involving CrU (all fractional excretion of electrolytes, for instance), represents a difficult task in the background of altered sCr. The advantage of using FeK instead of simply calculating (KU/CrU) ratio is that CrU is normalized to sCr. This is particularly relevant in cases of extreme values of sCr. A malnourished individual may have a high (KU/CrU) ratio due to a low CrU value. However, as the sCr is also very low, FeK remains normal in a steady state.

It is noteworthy that, due to the complex interactions between blood and urinary values included in FeK’s formula, the easiest moment to use FeK is when sCr is close to its baseline value and sK is normal. When sCr begins to increase, the magnitude of subsequent changes in FeK depends on the simultaneous behavior of sK and (KU/CrU) ratio. If this ratio continues to increase, elevations in FeK will be proportionally greater than the rise in sCr alone. Yet, FeK value is unreliable and probably of no utility in severe AKI with very high sCr values. The maximum value FeK can achieve is not determined on physiological grounds and is probably much lower than the value obtained after inputting very high sCr or high (KU/CrU) ratio numbers into the formula.




The concept of “renal microcirculatory stress”: Anticipating risky situations for the kidneys

Although current AKI criteria are relatively sensitive considering that subtle increases in sCr are diagnostic of AKI, many studies proposed biomarkers of glomerular or tubular injury (41) to evaluate renal damage before function loss per se. However, most of these markers are not widely available especially in developing countries and their role in daily AKI monitoring is still not clearly validated. It has been demonstrated that even in a state of early tubular damage as revealed by increases in specific biomarkers, the urine biochemical profile is compatible with “pre-renal” AKI (42). This finding suggests that the decline in NaU occurs very early in AKI development, regardless of simultaneous tubular damage.


Low urine sodium as a marker of renal microcirculatory stress

It is known for a long time that the mechanisms responsible for avid Na+ retention are located in the macula densa, in close relation to the glomerular apparatus. The activation of both the sympathetic nervous system and the renin-angiotensin-aldosterone (RAA) system has a key role in avid Na+ retention. Based on the classic “pre-renal paradigm,” hypovolemia is usually the first diagnostic hypothesis when physicians encounter a low NaU. More recent studies, however, have shown that these Na+-retaining mechanisms may be activated under normal or even increased blood flow in renal arteries, as occurs in hyperdynamic sepsis (21). Alterations in glomerular hemodynamics not yet clearly elucidated (43, 44) lead to a reduced glomerular filtration pressure, RAA system activation and, consequently, Na+ retention and low NaU levels. In summary, all situations that activate Na+ retention may be indicative of conditions causing “renal microcirculatory stress” (RMS) (45) which seems to be a more accurate concept than “pre-renal” AKI (Table 1). Hypovolemia is only one of the wide ranges of etiological factors in the differential diagnosis of RMS. Indeed, we believe that RMS is the common pathway in the early stages of AKI from perhaps all causes, particularly in critically ill patients. Furthermore, even early tubular damage does not prevent from a continuous decline in NaU during AKI progression (42). The reason for this is that tubular damage is not a homogeneous process, and preserved tubules may avidly retain Na+. Increases in NaU due to loss of Na+-retaining capability is commonly a late and limited phenomenon (34, 42). In this process, Na+ filtration, the main source of Na+ into the tubules, is concomitantly jeopardized, precluding major increases in NaU (Figure 1). The magnitude of NaU decrease is probably related to the degree of microcirculatory stress and severity of GFR reduction (39). In order to be interpreted correctly, NaU values must be collected sequentially. Only extreme values are relevant on their own: very low values (<20–40 mEq/L) serve as a warning sign and very high values (> 140 mEq/L) infer a favorable state in the critical care setting (see below). We have previously reported a negative correlation between NaU and C-reactive protein (CRP), suggesting a link between NaU and systemic inflammation (46).


TABLE 1    Old and new interpretation of urine electrolytes and urinary indices in patients with acute kidney injury (AKI).
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FIGURE 1
Schematic representations of sodium handling by the nephron in distinct scenarios with high sodium load, a condition frequently seen in critically ill patients. Panel (A) represents a state with no renal microcirculatory stress (RMS) where high sodium load generates high urine sodium concentration (NaU), commonly above serum sodium concentration; panel (B) illustrates how sodium accumulates in the body in the setting of RMS due to a combination of low sodium filtration and avid sodium tubular reabsorption, which may lead to very low NaU levels; panel (C) represents a similar scheme to panel (B) except for significant tubular damage and/or the administration of diuretics, both of which jeopardize sodium tubular reabsorption. In this case, NaU levels are also depleted, comparatively higher to panel (B), but not as high as in panel (A) due to lower sodium filtration. GFR, glomerular filtration rate; RAA, renin-angiotensin-aldosterone; CO, cardiac output; SIRS, systemic inflammatory response syndrome.




Very high urine sodium values: Be glad if you find them

In contrast to low NaU, high/very high NaU values (defined here as measurements greater than the value of simultaneous serum sodium) (47) are found in situations where renal microcirculation is not deranged. High NaU values are often seen in patients without organ failure or in those recovering from it, in the absence of significant systemic inflammation (Figure 1). Those patients have usually received a high sodium load in major surgeries or during hemodynamic resuscitation in systemic inflammatory states, including sepsis. A very high NaU results from a rebalance of the total body sodium, of which the excess is excreted by the kidneys (48). Diuretic administration may temporarily lead to NaU augmentation, so its best interpretable value is reached usually some hours (not less than six) after its administration, when the effect is expected to wear off (49). In the context of RMS or AKI, increases in NaU due to diuretic therapy are analogous to increases caused by tubular damage: the elevation is limited because of the simultaneous reduction in GFR, precluding major elevations in NaU to very high values (Figure 1). Of note, the absence of significant elevations in NaU after diuretic administration is associated with a worse outcome (50, 51).




Urine biochemistry as a tool for an earlier detection of renal dysfunction

In our ICU, we collect a spot urine sample at least on a daily basis in patients who have an indwelling urinary catheter. This sample is collected simultaneously with routine blood samples. In order to minimize urinary catheter manipulation, we collect the spot sample directly from the collecting bag after draining off all urine. We use the first 10–20 ml “fresh” sample of urine (a urine sample that has just been produced by the kidneys) that drains into the emptied bag because it has a greater chance to represent the most reliable UB profile at that specific moment. Both urine and blood samples are sent together for laboratory analysis to enable a proper calculation of FeK.

Urine sodium (NaU) and fractional excretion of potassium (FeK) are certainly more helpful in renal function monitoring when serum urea (sUr), sCr, and sK have normal values. The main objective of measuring those two parameters is to obtain a precise and real-time measure of renal function status prior to sCr increase. Let’s take an example:

A 70-year-old 60-kg male patient was admitted to the ICU with the diagnosis of pneumonia and septic shock. The values of sUr and sCr at ICU admission were 30 and 1.0 mg/dL, respectively, and sK was 4.0 mEq/L. CRP was 20 mg/dL. An indwelling urinary catheter was inserted upon arrival and drained 200 ml of urine. In the spot urine sample, NaU value was 15 mEq/L, KU was 100 mEq/L, and CrU was 120 mg/dL.

A very low NaU concentration suggests a remarkable RMS. This could be related to either macrohemodynamic factors such as hypotension and hypovolemia, or microcirculatory factors including glomerular circulatory derangements secondary to systemic inflammation/sepsis (Figures 2, 3). Regardless of what caused such an intense Na+ retention, it signals an increased risk of AKI. Moreover, it is too early to evaluate UO, because it is unknown how long it took to produce 200 ml of urine. Regarding KU, the high level of 100 mEq/L may serve as a clue as to whether the patient is oliguric at ICU admission. A CrU value of 120 mg/dL results in a (KU/CrU) ratio of 0.83, which is also elevated. Thus, this could be interpreted as a reduced creatinine excretion per volume of urine.


[image: image]

FIGURE 2
Suggested approach to evaluate renal function at hospital/ICU admission using simple and feasible blood and urinary parameters. Urine sodium concentration (NaU) values between 40 and 140 mEq/L are of uncertain significance when measured at a single time point and should be obtained sequentially. Abrupt decreases in NaU suggest renal microcirculatory stress (RMS) development and risk of acute kidney injury (AKI). SCr, serum creatinine; sUr, serum urea; sNa, serum sodium; sK, serum potassium; KU, spot urine potassium concentration; CrU, spot urine creatinine concentration; FeK, fractional excretion of potassium; UO, urine output; CKD, chronic kidney disease.
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FIGURE 3
Active investigation for the presence of renal microcirculatory stress (RMS), the initial stage of acute kidney injury (AKI) development. Very low or plummeting urine sodium concentration (NaU) is the hallmark of RMS. The fractional excretion of potassium (FeK) may help to work out the meaning of intermediate values of NaU (40–140 mEq/L) and the subsequent risk of AKI development. Systemic inflammatory response syndrome (SIRS), low cardiac output (CO), and nephrotoxins (iodide contrast/non-steroidal anti-inflammatory drugs/myoglobin, etc.) are potential and frequent causes of RMS. Very high NaU (>140 mEq/L) suggests absence of RMS/AKI or resolving RMS/AKI.


In this case: FeK = (1.0/4.0) × (100/120) = 0.25 × 0.83 = 0.208 = 20.8%

Since FeK is the “future index” of sCr (45), a high FeK (normal value < 10–12%) points toward a subsequent rise in sCr. In fact, FeK normally does increase before sCr in AKI development (33, 38, 52).

The next day, serum and urinary parameters were reassessed: the patient had a 24 h-UO of 500 ml (less than 0.5 ml/kg/h), sCr raised to 1.4 mg/dL, sUr raised to 80 mg/dL, and sK remained 4.0 mEq/L. CRP raised to 30 mg/dL.

Given that sCr is a late marker of renal function, the following greater sCr does not implicate that GFR is still decreasing. It could only be representative of the renal dysfunction which was in progress on the previous day. The new values of NaU, KU, and CrU are, respectively, 8, 80, and 200 mg/dL.

The new FeK value is then: (1.4/4.0) × (80/200) = 0.35 × 0.4 = 0.14 = 14%.

A falling NaU measure is still expected, which emphasizes an ongoing considerable degree of RMS. Such drop in NaU may persist even after hemodynamic optimization, as a result of remaining microcirculatory derangements related to sepsis and persistent activation of RAA system. Decreases in NaU frequently occur in parallel with significant increases in CRP levels, a biomarker routinely linked with the systemic inflammatory state. A falling FeK in the presence of an increased sCr is the result of a decreasing (KU/CrU) ratio suggesting creatinine clearance improvement even in the face of ongoing inflammatory biomarker elevation.

We believe that, in fact, the kidneys were already under recovery on the second day although sCr has increased. This has practical implications: antibiotic dosage, for example, is commonly adjusted for sCr or a calculated creatinine clearance. Should its dose be reduced to suit the newly increased sCr? If we presume that his renal function is recovering, we can then contemplate the maintenance of the dose according to his baseline sCr level.

In our hypothetical patient, in the days that followed successful pneumonia treatment and septic shock resolution, sCr and sUr returned to baseline levels; FeK value gradually decreased to below 12% and NaU reached a value of 155 mEq/L, coinciding with a CRP value of 4 mg/dL. Natriuresis may take longer than diuresis to resolve and, as such, it could be regarded as a more specific marker of inflammatory attenuation. Notwithstanding the identical values of sCr, sK, and sUr at this late time point as compared to the initial measurements, the distinct urine biochemical profile supports that both renal function and microcirculatory status improved markedly during the course of his stay. The progressive decline in FeK implies an incremental excretion of creatinine and a subsequent reduced sCr level. Resolving inflammation along with microcirculatory rearrangement results in improved natriuresis and rising levels of NaU.

Avid proximal tubular reabsorption of sodium is commonly accompanied by avid urea reabsorption (53). Since creatinine clearance improvement and inflammation resolution are not always synchronous, sUr may decrease proportionally less than sCr reflecting a persistent avid tubular reabsorption of sodium and urea. High (sUr/sCr) ratio is frequently associated with “pre-renal” azotemia and hypovolemia (54, 55) but studies failed to correlate such ratio with transient AKI (54, 56). Nevertheless, it seems to correlate with long-term mortality regardless of AKI (57).

Albeit low NaU and high (sUr/sCr) ratio are commonly found together, they are in fact markers of RMS, of which hypovolemia is simply one possible cause. Septic patients may have a low NaU and a high (sUr/sCr) ratio without being hypovolemic. This profile is frequently observed in late stages of AKI, long after fluid resuscitation, as a result of persistent microcirculatory derangements.



Discussion

Two issues have led to misconceptions over decades regarding UB assessment in AKI. First, UB is usually assessed after increases in sCr have occurred and AKI diagnosis has already been made. The great utility of this tool lies in the period before AKI diagnosis. Second, it is usually measured at a single time point. This practice will not enable a proper interpretation of the measurements because the true value of UB as a diagnostic tool derives from its dynamic behavior over time. Also, the common practice of measuring sCr only once a day certainly contributes to a delayed AKI diagnosis, particularly in situations in which a fast decrease in GFR is expected to be occurring. Nevertheless, urine biochemical changes seem to precede increases in sCr compatible with AKI diagnosis, as was demonstrated by the studies that measured both sCr and UB simultaneously (33, 34, 39).

In most categories of AKI, if not all, critically ill patients will exhibit similar urine biochemical profile in their development phase (34; Figure 4). NaU reduction is commonplace in the context of AKI development regardless of its etiology and duration (34). Moreover, a number of patients with persistent AKI displays long-lasting low NaU values due to persistent RAA activation, tubular sodium backleak and lingering RMS. Such findings, however, may not be observed in patients with advanced and severe AKI (AKI stage three) with a presumed greater degree of tubular damage (34; Figure 4). Old paradigms including AKI with NaU > 40 mEq/L as an attribute of ATN and structural or persistent AKI is questionable: a NaU value of 50 mEq/L observed at an initial time point may plummet to 10 mEq/L in a subsequent measurement.
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FIGURE 4
Urine biochemistry behavior after renal microcirculatory stress (RMS) has been triggered by a renal insult (macro or microcirculatory). Abrupt decreases in urine sodium concentration (NaU) as well as increases in the fractional excretion of potassium (FeK) occur before augmentation in serum creatinine (sCr). NaU value after acute kidney injury (AKI) diagnosis is quite variable because it depends on the magnitude of the reduction in glomerular filtration rate (GFR) in combination with the magnitude of tubular damage and impairment of tubular sodium reabsorption, as well as some degree of tubular sodium backleak (“??” represents NaU variability and unpredictability in the Figure). Nonetheless, in the context of AKI, NaU is not expected to reach very high values (>140 mEq/L). These values would only be found after renal function recovery. 1, 2, and 3 correspond to progressive stages of AKI severity.


We have also proposed the use of FeK as the “future index” of sCr. In addition to NaU decrease, which is commonplace in early AKI development, increases in FeK has also been advocated as an early marker of GFR decrease (33). Despite some limitations such as the need for simultaneous blood and urine collection, it seems to be quite more helpful that the traditional FeNa and FEUr values (33, 38). Its major utility is to anticipate changes in sCr and is particularly helpful in patients with normal sCr. Urinary K+ excretion is also helpful as it requires only urine sampling and is reliable even when obtained over a period of time as short as 2 h (36, 37). However, it is possible that the early increases in FeK preclude an even earlier reduction in urinary K+ excretion. Additional studies are needed to demonstrate whether the dynamic nature of decreasing NaU and increasing FeK value represent a concealed renal microcirculatory stress and a subtle fall in GFR in the context of a normal sCr. It remains to be determined if their routine assessment will enable the guidance of early interventions aimed at modifying AKI course and prognosis.

An additional utility of urine electrolyte measurement is to assist the distinction between physiologic and pathologic oliguria. We hypothesize that the mass of creatinine excreted per unit of time is more relevant than UO alone. Physicians must be mindful that UB monitors renal microcirculation and not specifically renal perfusion. Likewise, oliguria is not a synonym of hypovolemia or low renal perfusion, but may be a signal of RMS.

The behavior of urine electrolytes and indices are similar in early AKI development irrespective of etiology and the magnitude of their changes may, perhaps, be related to subsequent AKI severity and duration. Additional studies are needed to evaluate the sequential UB pattern prior to AKI diagnosis in different scenarios in order to recommend it as a routine monitoring tool in combination with sCr and UO, as well as with glomerular and tubular damage biomarkers. Distinct from other medications that has a theoretical capacity to interfere in urine electrolyte composition (corticosteroids, angiotensin-converting enzyme inhibitors, etc.), diuretic administration is well-documented to interfere both in UO as well as urine composition in a significant way so that their use must always be taken into account during interpretation.

In summary, renal function monitoring must be considered far ahead of the simple monitoring of sCr and UO. It is time to delve into the urinary biochemical composition to expand the renal pathophysiology understanding as long as the values are interpreted properly and in a timely manner. We advocate there is knowledge to be gained by exploring this underestimated and misinterpreted tool. For now, our suggestion is that UB assessment, particularly sequential NaU and FeK measurement should be made in every patient facing a condition of risk to develop AKI while still having a normal sCr. A decreasing NaU and an increasing FeK should alert the intensivist to an ongoing subtle loss of GFR, which may lead to a significant loss of renal function (AKI) if this pattern is not reversed (Figure 4).



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

AM designed this review. All authors contributed to literature revision and manuscript writing and revised and approved the final version of the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Venkataraman R, Kellum JA. Defining acute renal failure: the rifle criteria. J Intensive Care Med. (2007) 22:187–93. doi: 10.1177/0885066607299510

2. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, et al. Acute kidney injury network: report of an initiative to improve outcomes in acute kidney injury. Crit Care. (2007) 11:R31. doi: 10.1186/cc5713

3. Kidney international supplements. Section 2: Aki definition. Kidney Int Suppl. (2012) 2:19–36. doi: 10.1038/kisup.2011.32

4. Slocum JL, Heung M, Pennathur S. Marking renal injury: can we move beyond serum creatinine? Transl Res. (2012) 159:277–89. doi: 10.1016/j.trsl.2012.01.014

5. Ricci Z, Cruz DN, Ronco C. Classification and staging of acute kidney injury: beyond the rifle and Akin criteria. Nat Rev Nephrol. (2011) 7:201–8. doi: 10.1038/nrneph.2011.14

6. Legrand M, Kellum JA. Serum creatinine in the critically ill patient with sepsis. JAMA. (2018) 320:2369–70. doi: 10.1001/jama.2018.16627

7. Prowle JR, Kolic I, Purdell-Lewis J, Taylor R, Pearse RM, Kirwan CJ. Serum creatinine changes associated with critical illness and detection of persistent renal dysfunction after Aki. Clin J Am Soc Nephrol. (2014) 9:1015–23. doi: 10.2215/CJN.11141113

8. Legrand M, Payen D. Understanding urine output in critically ill patients. Ann Intensive Care. (2011) 1:13. doi: 10.1186/2110-5820-1-13

9. Miller TR, Anderson RJ, Linas SL, Henrich WL, Berns AS, Gabow PA, et al. Urinary diagnostic indices in acute renal failure: a prospective study. Ann Intern Med. (1978) 89:47–50. doi: 10.7326/0003-4819-89-1-47

10. Espinel CH, Gregory AW. Differential diagnosis of acute renal failure. Clin Nephrol. (1980) 13:73–7.

11. Espinel CH. The fena test. Use in the differential diagnosis of acute renal failure. JAMA. (1976) 236:579–81. doi: 10.1001/jama.236.6.579

12. Carvounis CP, Nisar S, Guro-Razuman S. Significance of the fractional excretion of urea in the differential diagnosis of acute renal failure. Kidney Int. (2002) 62:2223–9. doi: 10.1046/j.1523-1755.2002.00683.x

13. Dewitte A, Biais M, Petit L, Cochard JF, Hilbert G, Combe C, et al. Fractional excretion of urea as a diagnostic index in acute kidney injury in intensive care patients. J Crit Care. (2012) 27:505–10. doi: 10.1016/j.jcrc.2012.02.018

14. Cox ZL, Sury K, Rao VS, Ivey-Miranda JB, Griffin M, Mahoney D, et al. Effect of loop diuretics on the fractional excretion of urea in decompensated heart failure. J Card Fail. (2020) 26:402–9. doi: 10.1016/j.cardfail.2020.01.019

15. Bellomo R, Bagshaw S, Langenberg C, Ronco C. Pre-Renal azotemia: a flawed paradigm in critically ill septic patients? Contrib Nephrol. (2007) 156:1–9. doi: 10.1159/000102008

16. Prowle J, Bagshaw SM, Bellomo R. Renal blood flow, fractional excretion of sodium and acute kidney injury: time for a new paradigm? Curr Opin Crit Care. (2012) 18:585–92. doi: 10.1097/MCC.0b013e328358d480

17. Bagshaw SM, Bennett M, Devarajan P, Bellomo R. Urine biochemistry in septic and non-septic acute kidney injury: a prospective observational study. J Crit Care. (2013) 28:371–8. doi: 10.1016/j.jcrc.2012.10.007

18. Bagshaw SM, Haase M, Haase-Fielitz A, Bennett M, Devarajan P, Bellomo RA. Prospective evaluation of urine microscopy in septic and non-septic acute kidney injury. Nephrol Dial Transplant. (2012) 27:582–8. doi: 10.1093/ndt/gfr331

19. Bagshaw SM, Langenberg C, Wan L, May CN, Bellomo RA. Systematic review of urinary findings in experimental septic acute renal failure. Crit Care Med. (2007) 35:1592–8. doi: 10.1097/01.CCM.0000266684.17500.2F

20. Langenberg C, Bagshaw SM, May CN, Bellomo R. The histopathology of septic acute kidney injury: a systematic review. Crit Care. (2008) 12:R38. doi: 10.1186/cc6823

21. Langenberg C, Wan L, Bagshaw SM, Egi M, May CN, Bellomo R. Urinary biochemistry in experimental septic acute renal failure. Nephrol Dial Transplant. (2006) 21:3389–97. doi: 10.1093/ndt/gfl541

22. Maciel AT. Breaking old and new paradigms regarding urinary sodium in acute kidney injury diagnosis and management. Crit Care. (2013) 17:115. doi: 10.1186/cc11926

23. Charlton M, Sims M, Coats T, Thompson JP. The microcirculation and its measurement in sepsis. J Intensive Care Soc. (2017) 18:221–7. doi: 10.1177/1751143716678638

24. Maciel AT, Creteur J, Vincent JL. Tissue capnometry: does the answer lie under the tongue? Intensive Care Med. (2004) 30:2157–65. doi: 10.1007/s00134-004-2416-0

25. Macedo E, Bouchard J, Soroko SH, Chertow GM, Himmelfarb J, Ikizler TA, et al. Fluid accumulation. Recognition and staging of acute kidney injury in critically-ill patients. Crit Care. (2010) 14:R82. doi: 10.1186/cc9004

26. Maciel AT. Imed research group of i. back to basics: is there a good reason to not systematically measure urine creatinine in acute kidney injury monitoring? Nephron. (2016) 133:111–5. doi: 10.1159/000446666

27. Joliat GR, Labgaa I, Demartines N, Halkic N. Acute kidney injury after liver surgery: does postoperative urine output correlate with postoperative serum creatinine? HPB. (2020) 22:144–50. doi: 10.1016/j.hpb.2019.06.016

28. Inacio R, Gameiro J, Amaro S, Duarte M. Intraoperative oliguria does not predict postoperative acute kidney injury in major abdominal surgery: a cohort analysis. J Bras Nefrol. (2021) 43:9–19. doi: 10.1590/2175-8239-JBN-2019-0244

29. Diamond JR, Yoburn DC. Nonoliguric acute renal failure. Arch Intern Med. (1982) 142:1882–4.

30. Dixon BS, Anderson RJ. Nonoliguric acute renal failure. Am J Kidney Dis. (1985) 6:71–80. doi: 10.1016/s0272-6386(85)80144-x

31. Maciel AT, Park M. Urine assessment in the critically ill: a matter of both quantity and quality. Rev Bras Ter Intensiva. (2013) 25:184–5. doi: 10.5935/0103-507X.20130032

32. Moran SM, Myers BD. Course of acute renal failure studied by a model of creatinine kinetics. Kidney Int. (1985) 27:928–37. doi: 10.1038/ki.1985.101

33. Maciel AT, Park M, Macedo E. Fractional excretion of potassium in the course of acute kidney injury in critically ill patients: potential monitoring tool? Rev Bras Ter Intensiva. (2014) 26:143–7. doi: 10.5935/0103-507x.20140021

34. Maciel AT, Park M, Macedo E. Physicochemical analysis of blood and urine in the course of acute kidney injury in critically ill patients: a prospective, observational study. BMC Anesthesiol. (2013) 13:31. doi: 10.1186/1471-2253-13-31

35. Albuquerque P, da Silva Junior GB, Meneses GC, Martins AMC, Lima DB, Raubenheimer J, et al. Acute kidney injury induced by bothrops venom: insights into the pathogenic mechanisms. Toxins. (2019) 11:148. doi: 10.3390/toxins11030148

36. Burns AR, Ho KM. Urinary potassium excretion and its association with acute kidney injury in the intensive care unit. J Crit Care. (2018) 46:58–62. doi: 10.1016/j.jcrc.2018.04.009

37. Kumar NS, Kumar GN, Misra KC, Rao M, Chitithoti S, Prakash SY. Association between urinary potassium excretion and acute kidney injury in critically ill patients. Indian J Crit Care Med. (2021) 25:768–72. doi: 10.5005/jp-journals-10071-23914

38. Maciel AT, Delphino Salles L, Vitorio D. Imed research group of i. Simple blood and urinary parameters measured at icu admission may sign for Aki development in the early postoperative period: a retrospective, exploratory study. Ren Fail. (2016) 38:1607–15. doi: 10.3109/0886022X.2016.1144162

39. Maciel AT, Nassar AP Jr, Vitorio D. Very transient cases of acute kidney injury in the early postoperative period after cardiac surgery: the relevance of more frequent serum creatinine assessment and concomitant urinary biochemistry evaluation. J Cardiothorac Vasc Anesth. (2016) 30:56–63. doi: 10.1053/j.jvca.2015.04.020

40. Elisaf M, Siamopoulos KC. Fractional excretion of potassium in normal subjects and in patients with hypokalaemia. Postgrad Med J. (1995) 71:211–2. doi: 10.1136/pgmj.71.834.211

41. Endre ZH, Kellum JA, Di Somma S, Doi K, Goldstein SL, Koyner JL, et al. Differential diagnosis of Aki in clinical practice by functional and damage biomarkers: workgroup statements from the tenth acute dialysis quality initiative consensus conference. Contrib Nephrol. (2013) 182:30–44. doi: 10.1159/000349964

42. Nejat M, Pickering JW, Devarajan P, Bonventre JV, Edelstein CL, Walker RJ, et al. Some biomarkers of acute kidney injury are increased in pre-renal acute injury. Kidney Int. (2012) 81:1254–62. doi: 10.1038/ki.2012.23

43. Calzavacca P, May CN, Bellomo R. Glomerular haemodynamics, the renal sympathetic nervous system and sepsis-induced acute kidney injury. Nephrol Dial Transplant. (2014) 29:2178–84. doi: 10.1093/ndt/gfu052

44. Matejovic M, Ince C, Chawla LS, Blantz R, Molitoris BA, Rosner MH, et al. Renal hemodynamics in Aki: in search of new treatment targets. J Am Soc Nephrol. (2016) 27:49–58. doi: 10.1681/ASN.2015030234

45. Maciel AT, Imed Group of Investigators. Urine electrolyte measurement as a “window” into renal microcirculatory stress assessment in critically ill patients. J Crit Care. (2018) 48:90–6. doi: 10.1016/j.jcrc.2018.08.011

46. Toledo Maciel A, Vitorio D, Delphino Salles L. Urine sodium profile in the course of septic acute kidney injury: insights relevant for kidney function monitoring. Minerva Anestesiol. (2014) 80:506–7.

47. Maciel AT, Vitorio D, Salles LD, Park M. Sodium concentration in urine greater than in the plasma: possible biomarker of normal renal function and better outcome in critically ill patients. Anaesth Intensive Care. (2014) 42:584–91. doi: 10.1177/0310057X1404200507

48. Besen BA, Gobatto AL, Melro LM, Maciel AT, Park M. Fluid and electrolyte overload in critically ill patients: an overview. World J Crit Care Med. (2015) 4:116–29. doi: 10.5492/wjccm.v4.i2.116

49. Vitorio D, Maciel AT. Acute kidney injury induced by systemic inflammatory response syndrome is an avid and persistent sodium-retaining state. Case Rep Crit Care. (2014) 2014:471658. doi: 10.1155/2014/471658

50. Galluzzo A, Frea S, Boretto P, Pidello S, Volpe A, Canavosio FG, et al. Spot urinary sodium in acute decompensation of advanced heart failure and dilutional hyponatremia: insights from drain trial. Clin Res Cardiol. (2020) 109:1251–9. doi: 10.1007/s00392-020-01617-w

51. Singh D, Shrestha K, Testani JM, Verbrugge FH, Dupont M, Mullens W, et al. Insufficient natriuretic response to continuous intravenous furosemide is associated with poor long-term outcomes in acute decompensated heart failure. J Card Fail. (2014) 20:392–9. doi: 10.1016/j.cardfail.2014.03.006

52. Maciel AT, Vitorio D. Urine biochemistry assessment in critically ill patients: controversies and future perspectives. J Clin Monit Comput. (2017) 31:539–46. doi: 10.1007/s10877-016-9871-3

53. Sands JM. Regulation of renal urea transporters. J Am Soc Nephrol. (1999) 10:635–46. doi: 10.1681/ASN.V103635

54. Manoeuvrier G, Bach-Ngohou K, Batard E, Masson D, Trewick D. Diagnostic performance of serum blood urea nitrogen to creatinine ratio for distinguishing prerenal from intrinsic acute kidney injury in the emergency department. BMC Nephrol. (2017) 18:173. doi: 10.1186/s12882-017-0591-9

55. Baum N, Dichoso CC, Carlton CE. Blood urea nitrogen and serum creatinine. Physiology and interpretations. Urology. (1975) 5:583–8. doi: 10.1016/0090-4295(75)90105-3

56. Uchino S, Bellomo R, Goldsmith D. The meaning of the blood urea nitrogen/creatinine ratio in acute kidney injury. Clin Kidney J. (2012) 5:187–91. doi: 10.1093/ckj/sfs013

57. van der Slikke EC, Star BS, de Jager VD, Leferink MBM, Klein LM, Quinten VM, et al. A high urea-to-creatinine ratio predicts long-term mortality independent of acute kidney injury among patients hospitalized with an infection. Sci Rep. (2020) 10:15649. doi: 10.1038/s41598-020-72815-9



OPS/images/fmed-09-912877-t001.jpg
Old interpretation New interpretation

NaU < 20-40 mEq/L * Pre-renal AKI * RMS
* Low renal perfusion Macrohemodynamic causes:
- Hypovolemia - Low renal perfusion

- Heart failure

— Hepatorenal syndrome Microhemodynamic causes:

- Postoperative SIRS
- Sepsis

- Trauma

- lodide contrast

- Nephrotoxins

NaU 40-140 mEq/L * Acute tubular necrosis * Not diagnostic as a single value
Sequential measurements needed

NaU > 140 mEq/L * Acute tubular necrosis * Favorable sign
* Resolving RMS
* Resolving AKI

KU/CrU ratio * Usually measured to assess hypokalemia: high values suggest * Under normal serum K* and sCr levels, high values
renal K* wasting and low values extra-renal K™ loss (>0.5-0.6) suggest an inappropriate creatinine excretion per
urine volume
FeK > 10-12% * Not usually measured in AKI * Risk of AKI development under normal sCr and normal sK
* Previous focus on FeNa and FeUr levels

Used only to assess dyskalemias “Future index” of sCr

Better accuracy than FeNa and FeUr

FeK < 10-12% Same as above * If sCr is increased, it points toward sCr normalization
If sCr is normal, low risk of a sCr increase in the short term

AKI, acute kidney injury; RMS, renal microcirculatory stress; NaU, urine sodium concentration; KU, urine potassium concentration; CrU, urine creatinine concentration; sCr, serum
creatinine concentration; FeNa, fractional excretion of sodium; FeUr, fractional excretion of urea; FeK, fractional excretion of potassium.
Q KU in mEq/L and CrU in mg/dL.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		Urine biochemistry assessment in the sequential evaluation of renal function: Time to think outside the box



		Introduction



		Improving the interpretation of serum creatinine and urine output: The role of urine creatinine concentration



		Controversies in the use of fractional excretion of electrolytes in acute kidney injury monitoring



		Are the traditionally measured fractional excretion of sodium and fractional excretion of urea the best options?



		Fractional excretion of potassium: Should we keep on ignoring it?







		The concept of “renal microcirculatory stress”: Anticipating risky situations for the kidneys



		Low urine sodium as a marker of renal microcirculatory stress



		Very high urine sodium values: Be glad if you find them







		Urine biochemistry as a tool for an earlier detection of renal dysfunction



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Urine biochemistry assessment
in the sequential evaluation
of renal function: Time to think
outside the box












OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







OPS/images/fmed-09-912877-g003.jpg
g

NaU < 20-40 mEg/L —>

RMS

7 SIRS

Risk of AKI > LowCO

™~ nephrotoxins

Is RMS present? ——> CheckNaU ——> NaU 40-140 mEq/L ——> Uncertain meaning

/

NaU > sNa (> 140 mEq/L)

|

Absence of / resolving RMS
Absence of / resolving AKI

|

Sequential NaU measurement

Abrupt decreasesin NaU

|

RMS
Risk of AKI

N

Increasing NaU

/ Check FeK \

Low/decreasing FeK increasing FeK

l |

absence of/ resolving RMS || AKI development
Absence of / resolving AKI || tubular damage?






OPS/images/fmed-09-912877-e000.jpg





OPS/images/fmed-09-912877-g004.jpg
Renal function recovery

Initial renal insult

l

NaU

—_—]

FeK
sCr

RMS

,—///

PR—

AKI progression

2

3

/

??

<

P

GFR

Progressive tubular damage |

Global tubular Na* reabsorption





OPS/images/fmed-09-912877-g001.jpg
No RMS nephron

4‘ Na*load :> T GFR ¢ Na* excretion

* Na* filtration + NaU

* Na* reabsorption

‘, RAA system activation

RMS (low co/sIRS/nephrotoxins)

"‘ Na*load © ‘l GFR
*Na+ filtration *" Na* excretion
‘b‘l’ NaU

‘r Na* reabsorption

'r RAA system activation

RMS (low cO/SIRS/nephrotoxins) + SIGNIFICANT TUBULAR DAMAGE or DIURETICS

T Na*load :> " GFR * Na* excretion

‘lNa+ filtration * NaU

\‘! Na* reabsorption

1'\ RAA system activation





OPS/images/fmed-09-912877-g002.jpg
Patient admitted to hospital

l

How is his/her renal function on

admission?
ﬂ exclude patients with CKD
Urine biochemistry interpretation more
Collect sCr, sUr, sK, sNa and a spot urine difficult in CKD
sample for NaU, KU and CrU
I Normal sCr, sUr | | Increased sCr, sUr I
/Zheck urine biochemistry\\ \l/
calculate FeK
NaU > sNa (> 140 mEq/L) NaU < 40 mEq/L AKl on admission (RMS always present)
FeK <10-12% FeK >10-12% Usually FeK > 10-12% and
‘L \L NaU < sNa
absence of RMS presence of RMS (check for causes) \L Tran.slent oArKI "
low risk of increasing sCrin the next high risk of increasing sCrin the PRIESIRR AR
hours next hours
NEVER use a single urine
\L \L biochemistry assessment to answer

this question

Re-collect the same lab exams in
blood and urine in 6-12 hours
Urinary catheter advised for

Re-collect the same lab exams in
blood and urine in 24 hours or
before if worsening clinical status

Persistent very low NaU as a
frequent finding in persistent AKI

continuous UO monitoring






OPS/images/fmed-09-912877-e001.jpg





