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A B S T R A C T   

Recent advances have improved our understanding of the epidemiology and pathophysiology of 
acute kidney injury (AKI). So far, the Kidney Disease: Improving Global Outcome guidelines 
define and stratify kidney injury based on increases in serum creatinine level and/or decreases in 
urine output. Although the term AKI acknowledges the existence of cellular injury, its diagnosis is 
still only defined by the reduced excretory function of the kidney. New biomarkers that aid a 
better understanding of the relationship between acute tubular injury and kidney dysfunction 
have been identified, reflecting the advances in molecular biology. The expression of some of 
these novel biomarkers precedes changes in conventional biomarkers or can increase their pre-
dictive power. Therefore, they might enhance the clinical accuracy of the definition of AKI. This 
review summarizes the limitations of the current AKI classification and a panel of candidate 
biomarkers for augmenting AKI classification and recognition of AKI subphenotypes. We expect 
that the integration of appropriately selected biomarkers in routine clinical practice can improve 
AKI care.   
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1. Introduction 

Over the last decade, there has been considerable progress in understanding acute kidney injury (AKI) epidemiology and patho-
physiology and its diagnostic testing. AKI is now recognized as a collection of entities [1], including cardiorenal [2], hepatorenal [3], 
nephrotoxic [4], cardiac surgery-associated [5], sepsis-associated AKI [6], and AKI due to urinary tract obstruction. The evolution from 
a description of a single disease to specific syndromes has emerged as necessary given that these syndromes have distinct patho-
physiologies and treatments. Furthermore, the identification and validation of several novel AKI biomarkers in different clinical 
settings have shown that they precede changes in established biomarkers and might increase their predictive power. Therefore, they 
might enhance the clinical accuracy of the definition of AKI and possibly guide therapy. This review summarizes recent advances in the 
conceptual framework and evolving terminology of AKI and the knowledge of novel AKI biomarkers, including their potential clinical 
implications. 

2. Epidemiology of acute kidney injury 

AKI epidemiology and etiology differ between high-vs. vs. middle-to low-income countries [7] and are also dependent on the 
population to be considered. In high-income countries, AKI occurs in 10–15% of hospitalized patients [8] and in 20–25% of patients 
who have undergone cardiac surgery [9]. AKI occurs in up to 60% of intensive care unit (ICU) patients [10]. In this setting, AKI-related 
costs are high, and prevention is difficult. Notably, AKI incidence in ICUs has increased over the past decades in world regions with 
aging populations [11,12]. In contrast, in the middle-to low-income countries, AKI is predominantly community-acquired and largely 
preventable, with dehydration being the most common cause [12,13]. AKI is considered a syndrome of multifactorial origin. Certain 
risk factors (e.g., age >65 years, chronic kidney disease [CKD], heart failure, diabetes mellitus) predispose to AKI development [14]. In 
developed countries, sepsis [10], major surgeries (e.g., cardiac surgery [9] and non-cardiac major surgery [10]), cardiorenal syndrome 
[15], and the use of nephrotoxic drugs [4] are common triggers of AKI. The complexity of AKI is evident from the fact that each 
syndrome has a unique pathophysiology and treatment. 

Independent of its etiology, AKI is associated with increased short- and long-term mortality [16,17] and longer hospital stays [18]. 
The observed increased morbidity and mortality is partly due to the fact that AKI increases the risk of developing subsequent CKD [19] 
and is associated with heightened cardiovascular risk [20]. On the other hand, CKD and/or pre-existing cardiovascular disease pre-
dispose to AKI and increased morbidity and mortality [20]. 

3. Limitations of the current acute kidney injury classification 

AKI diagnosis and classification is based on the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) consensus criteria [21] 
(Fig. 1, left panel). The 3-stage severity classification system relies on clinical assessment and evaluation of the absolute and relative 
changes in serum creatinine concentration based on a known or assumed baseline value or the decrease in urinary output over seven 
days [21]. Although the relationship between the KDIGO-based criteria for AKI diagnosis and staging and mortality and morbidity has 
been well documented [7], they have clear and important limitations that should be addressed. As such, serum creatinine and urinary 

Fig. 1. Current and proposed definition and staging of acute kidney injury. 
According to the 2012 KDIGO guidelines, current markers of AKI include sCr and/or UO for indicating kidney dysfunction (left panel). A combi-
nation of novel damage and functional markers, along with clinical information, might be used for identifying high-risk patients, improving AKI 
diagnostic accuracy and processes of care, and assisting AKI management (right panel). It should be noted that biomarker positivity should be based 
on its mechanism and defined threshold, which still requires validation. To convert sCr to mmol/l, multiply by 88.4.ADQI, Acute Dialysis Quality 
Initiative; KDIGO, Kidney Disease: Improving Global Outcomes; KRT, kidney replacement therapy; sCr, serum creatinine; UO, urinary output. 
ADQI Initiative 23. www.adqi.org. Used with permission. 
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output are surrogate markers of the glomerular filtration rate (GFR) and are not specific for AKI. GFR as measured by serum creatinine 
may not decrease until ≥50% of the functional nephrons are lost in previous healthy kidneys [22]. In addition, the serum creatinine 
concentration is affected by multiple confounders, such as muscle mass, volume status, or tubular handling. Furthermore, factors such 
as malnutrition and sarcopenia [21,23] and volume overload [24] may falsely indicate normal serum creatinine values, although AKI 
is already present. Similarly, renin-angiotensin-aldosterone system inhibitors or other drugs that affect the GFR may result in small 
changes in serum creatinine levels that are not indicative of kidney injury [25]. 

Compared to serum creatinine, urine output can be considered a more sensitive but less specific criterion for AKI [26]. Some forms 
of AKI primarily manifest with oliguria (e.g., in acute cardiorenal syndrome [27]). Notably, as serum creatinine and urinary output 
measure the loss of kidney function and not injury, AKI can be deemed a misnomer. In the absence of injury markers, individuals with 
episodes of volume depletion can meet the diagnostic criteria of AKI without injury being present. On the other hand, diuretic use may 
mask a relevant decrease in urinary output and delay AKI recognition. 

Further limitations of the KDIGO-based criteria are that neither serum creatinine nor urinary output is suitable markers for the 
timely detection of AKI [23,28]. After an abrupt decrease in GFR in AKI, serum creatinine rises until a new equilibrium is reached 
between production and elimination [29]. Consequently, AKI is often diagnosed up to 2 days after the initial insult, which may take 
even longer in the context of volume overload [23,24]. 

4. Proposed new definition of acute kidney injury 

Although decreased GFR characterizes AKI, the histopathologic correlate for AKI is often captured as acute tubular damage, which 
reflects intrinsic kidney damage as a result of either ischemic or toxic insult affecting the functional and structural integrity of renal 
tubules [28,30]. As existing technology cannot directly assess kidney damage, apart from biopsy, numerous urinary biomarkers are 
used or proposed as glomerular or tubular cell injury indicators to potentially enhance the clinical accuracy of the definition of AKI and 
guide therapy (Fig. 1, right panel) [31,32]. Conceptually, the spectrum of AKI ranges from subclinical AKI [33], a state indicating 
kidney damage biomarker positivity with no loss of function (i.e., KDIGO AKI criteria-negative), to decreased GFR without evidence of 
tubular damage, to manifest AKI with decreased GFR and increased kidney biomarkers [34] (Fig. 2). 

Notably, subclinical AKI can be considered a misnomer, as AKI may not be longer “subclinical” when novel biomarkers can detect 
damage. However, AKI might still be “subfunctional”, as the presence of novel biomarkers might precede changes in dysfunction 
markers [35]. Therefore, novel kidney biomarkers are expected to predict and detect AKI in a timelier manner, allowing earlier 
initiation of preventive measures before a “functional” diagnosis of AKI can be made. Whether and if so, what consequences can be 
drawn in the event of a positive damage signal remains the subject of research. Studies indicate that early implementation of care 
bundles in biomarker-positive selected patients at high risk for cardiac surgery-associated AKI may reduce the rate of AKI stage 3 [36, 

Fig. 2. Conceptual framework of acute kidney injury syndromes based on functional and damage criteria. 
Modified from De Oliveira et al. [34]. The combination of damage/injury, functional kidney markers and clinical information may enrich AKI 
classification. Patients may be categorized as having i) no AKI (bottom left), ii) kidney damage/injury, subfunctional AKI (top left, defined as AKI 
stage 1S), iii) kidney dysfunction, functional AKI (bottom right, defined as AKI stage 1A, 2A, or 3A), iv) and a combination of kidney damage/injury 
and kidney dysfunction, or combined AKI (top right, defined as AKI stage 1B, 2B, or 3B). Red arrows show progression, whereas blue arrows show 
regression or resolution. Examples of functional AKI may include use of angiotensin-converting-enzyme inhibitors, angiotensin receptor blockers or 
sodium-glucose cotransporter-2 inhibitors, and conditions such as volume depletion, which can reduce GFR without damaging the kidney. AKI 
stages 1S, 1A–3A and 1B–3B were proposed by Ostermann et al. [32]. 
AKI, acute kidney injury; GFR, glomerular filtration rate. 
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37]. 
New kidney biomarkers have been extensively investigated in AKI [32]. Based on their specificity, they could be used for evaluating 

AKI etiology and severity and the site of injury [34]. Nevertheless, it remains to be clarified which novel kidney biomarker should be 
used depending on the etiology and temporal course of kidney damage, as they reflect diverse physiological and pathophysiological 
processes in the damaged tissue [38]. Furthermore, in most countries, the costs for implementing new kidney biomarkers in clinical 
practice are not reimbursed, so they are mainly used in research. Therefore, the approach for a patient with AKI depends on the clinical 
context and varies by resource availability. Integration of the new renal biomarkers into the KDIGO guidelines for AKI is currently 
being discussed [39]. 

5. Application of new acute kidney injury biomarkers 

The discovery of AKI biomarkers has the potential to improve the AKI diagnostic approach and treatment substantially. Several 
molecules have been identified as potential markers for early detection of kidney damage before serum creatinine rises. 

An ideal AKI biomarker reflecting acute tubular injury should have the following properties [40]: i) easily measured; ii) upregu-
lated shortly after the injurious stimulus and downregulated after the termination of the stimulation; iii) a dose-dependent response, i. 
e., the biomarker quantity should be proportional to AKI severity; iv) of tubular origin; v) able to distinguish the injury induced by 
different types of AKI; vi) reflect the injury process, i.e., injury vs. repair; vii) its analysis should be complementary to the analysis of a 
“functional” biomarker. However, limitations in specificity (especially in patients with comorbid conditions), poor predictive per-
formance when the timing of the kidney insult is unknown, and in some cases, suboptimal sensitivity have led to damage markers being 
used mainly for research purposes. Table 1 presents some new and established kidney biomarkers. 

5.1. Tissue inhibitor of metalloproteinase 2 and insulin-like growth factor-binding protein 7 

The two urinary biomarkers TIMP-2 (tissue inhibitor of metalloproteinase 2; 21 kDa) and IGFBP7 (insulin-like growth factor- 
binding protein 7; 25 kDa) are secreted in the early phase of tubular damage (e.g., in the context of sepsis [50] or after ischemia 
[41]) by the proximal and distal tubular epithelial cells. In contrast to tubular damage markers (e.g., neutrophil gelatinase-associated 
lipocalin [NGAL] [32]), TIMP-2 and IGFBP7 can be released in response to non-injurious, noxious stimuli [41]. Both biomarkers are 
pre-formed in the tubular epithelial cells, so their expression does not require transcription [51]. For this reason, both biomarkers are 
also referred to as kidney stress markers [52]. Both biomarkers have been proposed as diagnostic tools for predicting AKI, diagnosing 
AKI, and estimating AKI severity [32]. Based on experimental work with various cell types, it is assumed that TIMP-2 and IGFBP7 block 
the effects of the cyclin-dependent kinases in an autocrine and paracrine manner during AKI, thereby inducing G1 cell cycle arrest of 
the tubular epithelial cells to prevent the division of cells with damaged DNA until the DNA damage is repaired [41,53]. TIMP-2 and 
IGFBP7 have been validated for predicting moderate and severe AKI (stages 2–3) in critically ill patients within 12 h of specimen 
collection [53]. An early (4 h) postoperative increase in the two biomarkers in high-risk cardiac surgery patients has a high predictive 
value for AKI development [54]. Multiplying the concentrations of both biomarkers (i.e., [TIMP-2]•[IGFBP7]) yields an AKI risk score, 
with a score >0.3 (ng/ml)2/1000 having 92% sensitivity and 46% specificity while a score >2.0 (ng/ml)2/1000 has 37% sensitivity 
and 95% specificity for the occurrence of AKI stage 2–3 [55]. The reference interval for [TIMP-2]•[IGFBP7] in healthy humans is 
between 0.04 and 2.22 (ng/ml)2/1000. The urine concentration of [TIMP-2]•[IGFBP7] is not increased in stable CKD [56]. [TIMP-2]•
[IGFBP7] have been incorporated into the first diagnostic test for AKI approved by the US Food and Drug Administration (FDA)— 
NephroCheck (Astute Medical, San Diego, CA, USA). The test is also available in many countries worldwide. 

Two trials evaluated serial measurements of urinary [TIMP-2]•[IGFBP7]. The ProCESS (Protocolized Care for Early Septic Shock) 
trial randomly assigned 1351 patients from 31 hospitals presenting with septic shock at the emergency department to receive one of 
three different resuscitation strategies [57]. Of those patients, 688 had urine [TIMP-2]•[IGFBP7] measurements at enrollment and 

Table 1 
Characteristics of acute kidney injury biomarkers.  

Biomarker Sample Class Origin Molecular weight (kDa) 

TIMP-2 Urine Stress Distal tubule [41] 21 
IGFBP7 Urine Stress Proximal tubule [41] 25 
NGAL Urine or 

plasma 
Damage Distal tubule, epithelial cells throughout the body, neutrophils [32,42] Three different types (25, 45, 

and 135) 
KIM-1 Urine Damage Proximal tubule [43] 38.7 
L-FABP Urine Damage Proximal tubule [44] 14 
CCL14 Urine Damage Multiple cell types throughout the body [45,46] 7.8 
Dickkopf-3 Urine Stress Tubular epithelia [47] 38 
Cystatin C Plasma Function Nucleated cells throughout the body [48] 13.3 
Proenkephalin 

A 
Plasma Function Produced in the central nervous system, heart, kidney, intestine, lung, skeletal 

muscle, and immune cells [49] 
4.5 

Research is needed to establish which biomarkers will be qualified for augmenting AKI classification. Furthermore, it remains unclear when these 
biomarkers should be measured and what cutoffs are needed, and will require further investigation. 
CCL14, C–C motif chemokine ligand 14; KIM-1, kidney injury molecule 1; L-FABP, liver-type fatty acid-binding protein; NGAL, neutrophil gelatinase- 
associated lipocalin. 
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after 6 h. The development of AKI stage 3, need for kidney replacement therapy (KRT), or death within the first seven days after 
randomization was evaluated in a secondary analysis of the trial [58]: patients with [TIMP-2]•[IGFBP7] levels >0.3 (ng/ml)2/1000 
even without clinical evidence of AKI within the first 6 h were more than twice as likely to develop the endpoint compared with those 
who presented with normal concentrations of the biomarkers. Another study involving 530 patients evaluated the utility of serial 
measurements of [TIMP-2]•[IGFBP7] for predicting AKI stage 2–3: the biomarkers were measured every 12 h during the first 72 h after 
ICU admission. In patients with three consecutive negative [i.e., ≤0.3 (ng/ml)2/1000] tests, the occurrence of AKI stage 2–3 during the 
first seven days was 13% [59]. In contrast, AKI was present in 57%, 75%, and 94% of patients presenting one, two, or three strongly 
positive values [i.e., >2.0 (ng/ml)2/1000], respectively [59]. 

A retrospective single-center study evaluated the association of urinary [TIMP-2]•[IGFBP7] with serum procalcitonin and the 
development of AKI or death. These biomarkers were assessed when patients were admitted to a multidisciplinary ICU. Among septic 
patients, the positivity of both tests implied a higher risk of AKI and death. Furthermore, in patients without sepsis, the double 
positivity correlated only with higher AKI risk but not mortality [60]. The relevance of these biomarkers was also explored during the 
first wave of the 2020 pandemic. In a study involving 23 patients hospitalized with coronavirus disease 2019 (COVID-19), the urinary 
concentrations of urinary [TIMP-2]•[IGFBP7] did not predict AKI development [61]. However, it had notable utility for evaluating AKI 
progression. Patients who progressed from stage 1 to worse stages had higher concentrations than those who remained in the same 
stage [61]. None of the AKI patients with [TIMP-2]•[IGFBP7] ≤ 0.3 (ng/ml)2/1000 progressed from their initial AKI stage. Conversely, 
all patients presenting AKI and [TIMP-2]•[IGFBP7] > 2.0 (ng/ml)2/1000 progressed to AKI requiring KRT (stage 3D). 

5.2. Neutrophil gelatinase-associated lipocalin 

NGAL is one of the most extensively investigated kidney biomarkers. It is a molecule that binds small iron-carrying molecules called 
siderophores that act as chelators/transporters in several diseases [62]. NGAL is also involved in tubular epithelial genesis, as it forms 
an iron-siderophore complex (holo-NGAL), which is secreted by the ureteric bud and can induce tubular epithelial genesis [63]. NGAL 
also has anti-inflammatory and anti-apoptotic effects [64]. Intravenously administered purified NGAL is taken up in the renal proximal 
tubules and conserves histologic integrity, function, and cell viability in the proximal tubules after ischemic insult [65]. Notably, the 
renal protective effects of NGAL are at least in part dependent on heme oxygenase enzyme activity [66]. At least three different types of 
NGAL have been described, 1) a monomeric 25-kDa glycoprotein produced by neutrophils and epithelial tissues, including tubular 
cells, 2) a homodimeric 45-kDa protein produced by neutrophils, and 3) a heterodimeric 135-kDa protein produced by tubular cells 
[32]. 

NGAL can be measured in urine or plasma and proposed as a distal tubule damage biomarker [42] for diagnosing AKI and esti-
mating AKI severity [32]. Nevertheless, its concentrations and discriminative ability may also be influenced by systemic conditions 
such as sepsis [67] or NGAL originating from non-kidney tissues [68]. Elevated NGAL levels can be measured <4 h after cardiopul-
monary bypass, peaking at 4–6 h [69]. In a recent meta-analysis of more than 13,000 patients [70], the discriminative abilities (area 
under the receiver operating characteristic curves [AUROCs]) of urinary NGAL were 0.75 (95% confidence interval [CI], 0.73–0.76) 
and 0.80 (95% CI, 0.79–0.81) for AKI stage 3 and AKI requiring KRT, respectively. For plasma NGAL, the corresponding AUROCs were 
0.80 (95% CI, 0.79–0.81) and 0.86 (95% CI, 0.84–0.86), respectively. Cutoff concentrations at 95% specificity for urinary NGAL were 
>580 ng/ml with 27% sensitivity for AKI stage 3 and > 589 ng/ml with 24% sensitivity for AKI requiring KRT. The corresponding 
cutoffs for plasma NGAL were >364 ng/ml with 44% sensitivity and >546 ng/ml with 26% sensitivity, respectively [70]. NGAL can be 
widely measured on clinical laboratory platforms [71]. 

The BICARBONATE trial, a multicenter, parallel randomized controlled trial comparing perioperative bicarbonate infusion for 
preventing AKI to usual patient care, explored whether urinary NGAL and the urinary NGAL/hepcidin-25 ratio could predict AKI stage 
3D in patients undergoing cardiac surgery with cardiopulmonary bypass [72]. The samples were collected within 1 h after the end of 
surgery. The rationale for analyzing hepcidin-25 was based on findings demonstrating the concentrations of this solute in patients 
without AKI [73]. Therefore, it is expected that insults leading to kidney damage would likely increase NGAL and reduce hepcidin-25 
concentrations. The analysis included 198 patients, of whom 13 (6.6%) developed AKI stage 3D [72]. The urinary NGAL/hepcidin-25 
ratio outperformed urinary NGAL for predicting AKI requiring hemodialysis and in-hospital mortality [72]. Setting the cutoff value for 
a ratio ≥0.3 established a specificity of 85%. On average, patients requiring KRT had urinary NGAL levels 17 times higher and urinary 
hepcidin-25 reduced by around 70% compared to people with no AKI. It should be noted that the preoperative NGAL/hepcidin-25 ratio 
was higher in patients who subsequently developed AKI stage 3D [72]. 

Considering the newly proposed framework of AKI that considers kidney damage biomarkers in addition to the traditional pa-
rameters of kidney function [32], the authors of the BICARBONATE trial reassessed the data from 198 participants and allocated the 
patients to four groups (Fig. 2) [74]. One hundred and seventy-seven patients (61.6%) presented with no AKI (KDIGO AKI 
criteria-negative/biomarker-positive), 13 (6.6%) had subfunctional AKI (KDIGO AKI criteria-negative/biomarker-positive), 40 
(20.2%) had functional AKI (KDIGO AKI criteria-positive/biomarker-negative), and 18 (9.1%) had combined AKI (KDIGO AKI 
criteria-positive/biomarker-positive) [74]. Interestingly, subclinical and combined AKI were associated with greater in-hospital 
mortality than no AKI and clinical AKI (adjusted odds ratio, 28.12, 95% CI 1.47–539.70, p = 0.027; adjusted odds ratio, 3.74, 95% 
CI 1.75–8.00, p = 0.001) [74]. These findings corroborate the concept that the outcome is worse whenever reduced kidney function is 
associated with alterations in kidney damage biomarkers. 

Serial assessments of urinary NGAL were carried out in a specific pediatric cohort of 66 patients with diabetic ketoacidosis [75]. 
AKI was present in half of the patients; the majority (24/35) had stage 2 AKI, and the remaining patients (11/35) had stage 3 AKI. 
Urinary NGAL was significantly higher at admission in patients with AKI versus no AKI (79.8 ± 27.2 vs. 54.6 ± 22.0 ng/ml, p =
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0.0002) [75]. Similarly, this pattern remained at the 24-h assessment (61.4 ± 28.3 vs. 20.2 ± 14.5 ng/ml, p = 0.0003). Fluid therapy 
reduced urinary NGAL and the rise in its concentration at admission correlated with the AKI stage. In that study [75], persistent AKI 
was defined as a composite outcome of AKI stage 2–3 sustained for >48 h, the development of AKI or progression from AKI stage 1 to a 
worse stage, need for KRT, or death. AKI recovery occurred in 83% and 91% of the patients at 24 and 48 h, respectively. Urinary NGAL 
>88 ng/ml had 66% sensitivity and 76% specificity for predicting persistent AKI. 

Another specific scenario where NGAL has been deployed was in patients with COVID-19. A retrospective cohort study showed that 
AKI occurred in 1835 (46%) of 3993 hospitalized adults [76]. Patients with COVID-19 are at risk of developing kidney injury for many 
reasons, including dehydration and hypotension, sepsis, dysregulated immune responses, and organotropism [77]. A prospective 
observational study analyzed blood and urine samples from 444 people presenting COVID-19 pneumonia at hospital admission [78]. 
Of those patients, 198 did not have AKI on presentation to the emergency department. Patients who subsequently developed AKI 
within 7 days of admission had higher urinary NGAL levels compared to those who did not (158 ± 237 ng/ml [n = 51] vs. 74 ± 65 
ng/ml [n = 147]; p < 0.05). Patients presenting with sustained AKI for >72 h compared to those who did not also had higher urinary 
NGAL concentrations (332 ± 324 vs. 96 ± 139 pg/ml; p < 0.0001), with a stepwise increase with increasing AKI severity. Moreover, 
urinary NGAL had 80% specificity and 75% sensitivity for diagnosing AKI stage 2–3 with a cutoff of 150 ng/ml [78]. A small 
single-center report involving 17 patients with COVID-19 admitted to the ICU found that 59% developed AKI. The mean urinary NGAL 
was 93 ng/ml in those with AKI compared to 26.6 ng/ml NGAL in those without AKI; the optimal NGAL cutoff value for predicting AKI 
was identified as 73 ng/ml [79]. 

5.3. Kidney injury molecule 1 

Urinary kidney injury molecule 1 (KIM-1) is a 38.7-kDa type 1 transmembrane glycoprotein produced by proximal tubular cells. It 
is released into the urine in response to tubular damage and functions in clearing apoptotic cells, and has anti-inflammatory properties 
[43,80,81]. In animal models, KIM-1 has been correlated with the severity of histological tubular injury [82], which is why the FDA 
approved its use as an AKI biomarker for preclinical drug development [83]. For clinical practice, KIM-1 has been proposed as a 
biomarker of proximal tubule damage [43] for predicting AKI, diagnosing AKI, and estimating AKI severity [32]. A recent 
meta-analysis involving adult patients reported that KIM-1 was a good predictor of AKI, with an estimated sensitivity of 0.74 (95% 
credible interval, 0.62–0.84) and specificity of 0.86 (95% credible interval, 0.76–0.90) [84]. Elevated KIM-1 levels can be measured 
12–24 h after tubular injury, peaking at 2–3 days [85]. KIM-1 can be widely measured on clinical laboratory platforms [86]. 

5.4. Liver-type fatty acid-binding protein 

Liver-type fatty acid-binding protein (L-FABP) is a 14-kDa intracellular lipid chaperone that mobilizes lipid peroxides from the 
cytoplasm of tubular epithelial cells to the tubular lumen. L-FABP gene expression is increased by peroxisome proliferator-activated 
receptor α [87] and hypoxemia [88]. L-FABP is freely filtered by the glomerulus and reabsorbed in the proximal tubule. Therefore, 
elevated serum and urinary L-FABP levels can indicate proximal tubular cell damage [44,89] and have been proposed as biomarkers 
for diagnosing AKI [32]. A recent meta-analysis reported that the estimated sensitivity of L-FABP for predicting AKI was 0.75 (95% CI, 
0.69–0.80), and specificity was 0.78 (95% CI, 0.71–0.83) [90]. Furthermore, L-FABP demonstrated an AUROC of 0.82 (95% CI, 
0.79–0.85) in variable clinical settings, including ICU, surgery, and contrast-induced AKI [90]. In subgroup analysis excluding pe-
diatric and post-radiocontrast exposure cohorts, L-FABP had a comparative diagnostic performance with NGAL [90]. The appearance 
and time to peak levels of L-FABP following injury are unknown [1]. 

5.5. C–C motif chemokine ligand 14 

The RUBY study, an international prospective observational study designed for detecting biomarkers associated with persistent 
(≥72 h) AKI stage 3, identified urinary C–C motif chemokine ligand 14 (CCL14) as a reliable predictor of persistent AKI [45]. The 
cohort included exclusively participants in the ICU (not ward) within 36 h of meeting KDIGO AKI stage 2–3 based on serum creatinine 
or urine output criteria. Approximately one-third of the patients (110 of 331) matched the criteria for persistent KDIGO AKI stage 3, of 
whom 56 (51%) received KRT. Urinary CCL14 had an AUROC of 0.83 (95% CI, 0.78–0.87) for predicting persistent AKI. Bagshaw and 
collaborators conducted a secondary analysis of the prospective SAPPHIRE study to validate the RUBY study findings [91]. That 
analysis involved 195 patients who developed AKI stage 2 or 3, of whom 28 (14%) progressed to or remained at AKI stage 3. Urinary 
CCL14 showed adequate accuracy with an AUROC of 0.81 (95% CI, 0.72–0.89). Notably, the risk for persistent AKI increased with 
greater urinary CCL14 values. 

5.6. Urinary dickkopf-3 

Urinary dickkopf-3 is a 38-kDa stress-induced, renal tubular epithelia-derived secreted glycoprotein that induces tubulointerstitial 
fibrosis through its action on the canonical Wnt–β-catenin signal pathway [47] by promoting renin-angiotensin-aldosterone activation, 
stress-induced cytokine (e.g., interleukin-6 and interleukin-8) expression in tubular epithelial cells, uncontrolled fibroblast activation, 
and extracellular matrix deposition [47,92]. Although sustained activation of Wnt–β-catenin signaling is considered detrimental and 
promotes tubulointerstitial fibrosis, transient activation is thought to mitigate initial injury and accelerate subsequent recovery after 
AKI [93,94]. Therefore, persistently elevated urinary dickkopf-3 levels may indicate ongoing tubular “stress” leading to progressive 
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kidney fibrosis in various-cause CKD [95,96]. Currently, urinary dickkopf-3 is the only biomarker that has been validated for AKI risk 
assessment before exposure to kidney injury [32]. In 733 patients undergoing cardiac surgery, the preoperative urinary 
dickkopf-3/creatinine ratio predicted the development of postoperative AKI and kidney function loss with an AUROC of 0.78 [97]. 
Furthermore, a preoperative urinary dickkopf-3/creatinine concentration ratio >471 pg/mg was associated with a significantly higher 
risk of persistent kidney dysfunction (odds ratio, 6.67; 95% CI, 1.67–26.61; p = 0.007) and dialysis dependency (odds ratio, 13.57; 
95% CI, 1.50–122.77; p = 0.02) after 90 days compared with a ratio of ≤471 pg/mg [97]. Urinary dickkopf-3 may also have a role in 
assessing AKI transition to CKD [98]. Urinary dickkopf-3 can be measured using a commercially available enzyme-linked immuno-
sorbent assay (ELISA) platform (ReFiNE; DiaRen UG, Homburg/Saar, Germany) with a lower detection limit of 30 pg/mg [95]. 

5.7. Cystatin C 

Cystatin C, an established surrogate marker of GFR, is a cysteine protease inhibitor formed at a relatively constant rate by all 
nucleated cells [48]. Due to its small molecular size (13.3 kDa) and basic pH, it is freely filtered at the glomerulus, reabsorbed, and 
catabolized by the proximal tubule cells. Accordingly, the serum cystatin C concentration can be regarded as an indicator of the GFR. 
However, compared to serum creatinine, cystatin C is not influenced by sex or age and only shows a lower susceptibility to muscle mass 
and food intake [99]. Important confounders for the cystatin C level are thyroid diseases, inflammation, smoking, obesity, and 
cortisone therapy [48]. It should be noted that cystatin C is a marker of the GFR and not tubular damage. The use of cystatin C in CKD 
has been adequately described. The KDIGO guidelines recommend measuring cystatin C in adults with a serum creatinine-based 
estimated GFR (eGFR) of 45–59 ml/min/1.73 m2 to confirm CKD diagnosis, provided no other renal structural abnormalities are 
present [100]. Cystatin C has been proposed as a biomarker of kidney dysfunction for diagnosing AKI and estimating AKI severity [32]. 
Cystatin C can be widely measured on clinical laboratory platforms and is assayed using methods that are traceable to International 
Federation of Clinical Chemistry and Laboratory Medicine (IFCC)- and Institute for Reference Materials and Measurements 
(IRMM)-certified reference materials [101]. 

5.8. Proenkephalin A 

Proenkephalin A is a stable fragment derived from the precursor enkephalin, a small endogenous opioid peptide produced 
throughout the human body, including the kidneys [102]. The glomeruli freely filter proenkephalin A due to its small molecular size 
(4.5 kDa); it has no known tubular handling or extrarenal clearance. It is not bound to plasma proteins and is stably produced in various 
disease states independent of inflammation and other non-renal factors [49]. Therefore, proenkephalin A is considered a marker of 
kidney function. Its plasma concentrations have been strongly negatively correlated with measured GFR [49,103]. A study of 24 septic 
patients in the ICU reported that proenkephalin A concentration levels were highly correlated with measured GFR calculated with 
iohexol (r2 = 0.91; p < 0.001) [104]. In patients with chronic heart failure, proenkephalin A was strongly associated with GFR 
measured with 131I-hippuran and 125I-iothalamate (standardized beta = − 0.71; p < 0.001) [105]. 

Endogenous opioid peptides also exert cardiodepressant effects [106] and kidney effects predominantly by increasing renal blood 
flow and urinary output [107]. Enkephalins might play a pathophysiological role in the development and progression of cardiorenal 
syndrome by their established effects on cardiac contractility, hemodynamics, and kidney function. In line with that, elevated pro-
enkephalin A levels are also observed in patients with heart failure [105,108]. Age and sex are not associated with proenkephalin A 
concentrations in healthy people (reference interval: 36–97.5 pmol/l) [109]. Proenkephalin A can be measured at the bedside using a 
clinical immunoassay (IB10 sphingotest®; Nexus-Dx, San Diego, CA, USA). It can also be measured on clinical laboratory platforms 
using a chemiluminescence immunoassay [110]. 

6. Biomarker panel 

A panel of biomarkers can enrich AKI diagnosis, yielding insights from the pathophysiological mechanisms of different AKI sub-
types and highlighting the most affected segments of the renal tubules. Simultaneous analysis of a group of biomarkers can yield clues 
to the predominant etiology of coexisting kidney insults (e.g., sepsis, hypovolemia, nephrotoxicity) [40]. An observational study 
enrolled 1635 patients at the emergency departments of three hospitals to explore the diagnostic and predictive abilities of five urinary 
biomarkers (NGAL, interleukin-18, KIM-1, L-FABP, cystatin C). NGAL demonstrated good discriminatory ability for detecting AKI and 
was related to AKI duration [111]. 

Using a panel of urinary biomarkers (NGAL, KIM-1, N-acetyl-β-glucosaminidase), McWilliams and co-workers confirmed the 
proximal tubule as the expected anatomical site of injury in the nephrons of premature neonates exposed to aminoglycosides [112]. 
Forty patients received gentamicin treatment during the first week after birth. Significant elevations in the three biomarkers were 
observed during the gentamicin treatment courses, returning to baseline values once the drug was discontinued. When adjusted for 
confounders, the treatment effect of gentamicin remained significant only for KIM-1, a marker of proximal tubule injury [112]. 

In the context of acute cardiorenal syndromes, 283 hospitalized patients undergoing decongestive therapy for acute decompensated 
heart failure with furosemide (median, 560 mg/day) presented normal urinary NGAL, KIM-1, and N-acetyl-β-glucosaminidase, irre-
spective of a reduction in their cystatin C-based eGFR [113]. These results demonstrate that during decongestive treatment of heart 
failure, changes in kidney function markers might be dissociated from kidney injury markers, a condition described as functional AKI 
(KDIGO AKI criteria-positive/biomarker-negative) [34]. It is worth noting that in a large randomized clinical trial comparing 
decongestive therapies, i.e., the DOSE (Diuretic Optimization Strategies Evaluation) trial [114], increments in serum creatinine >0.3 
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mg/dl (i.e., KDIGO AKI stage 1) were not associated with negative outcomes, probably reflecting only glomerular hemodynamic 
changes without tubule cell damage. Therefore, the authors stated that using mild-to moderate-sized changes in serum creatinine as an 
endpoint in heart failure clinical trials may be inappropriate [115]. Moreover, the nephrotoxicity of iodinated intravenous contrast 
was investigated using a panel of biomarkers. NGAL, KIM-1, and interleukin-18 concentrations were measured in 922 participants at 
baseline and 2–4 h after contrast injection and demonstrated no changes, even in patients who developed KDIGO AKI [116]. These 
findings suggest that most cases of contrast-associated AKI likely reflect functional AKI (KDIGO AKI 
criteria-positive/biomarker-negative) rather than intrinsic kidney damage [116]. 

The DAMAGE (Dublin Acute Biomarker Group Evaluation) study was a prospective observational trial investigating the utility of 
urinary AKI biomarkers on ICU admission at two academic medical centers. The study recruited 717 patients. The primary outcome 
was developing any stage of AKI during the first seven days following ICU admission. Only the KDIGO serum creatinine criteria but not 
the urine output criteria were used in the AKI staging. The urinary panel consisted of NGAL, albumin, KIM-1, L-FABP, and cystatin C. 
Thirty-eight percent of the patients developed AKI, 215 (84%) during the first 48 h and 42 (16%) after 48 h but before seven days 
[117]. A secondary analysis of the DAMAGE study assessed 14 urinary biomarkers [118]. In the group of patients that presented AKI 
stage 1 or 2 within 48 h after ICU admission, eight biomarkers were associated with progression to worse AKI stages, KRT, or death in 7 
days. The best predictors for these outcomes were cystatin C, interleukin-18, albumin, and NGAL. Evaluation of the patients who 
developed AKI within the first seven days after enrollment showed that interleukin-18, NGAL, albumin, and monocyte chemotactic 
protein-1 were independently associated with KRT or death within 30 days. 

7. Cost-effectiveness of using biomarkers to detect AKI 

Data indicate that AKI is associated with 13%–18% of hospital admissions [119] and affects up to 50% of critically ill patients 
[120]. Patients who develop AKI in hospital are also more likely to have longer length of stay and higher odds of in-hospital death 
[121]. As a consequence, the association of AKI with higher morbidity and mortality is also linked to increased costs that range from 
$5.4 USD to $24.0 USD billion annually in the U.S [122]. The use of novel AKI biomarkers may aid hospital systems in implementing 
management strategies, such as care bundles [36,37] to prevent AKI or its progression to a higher stage, thereby improving outcomes 
and reducing healthcare costs. Although cost-effectiveness evidence for different biomarker tests for early detection of AKI is sparse 
[123–125], existing evidence suggests that these may be cost effective when considered along with the standard of care (i.e., serum 
creatinine). Notably, the higher the prevalence of AKI, the more likely the tests are to be cost-effective. This implies that careful 
consideration should be given to identifying subsets (e.g. post-major surgery) of those in hospital who would be most likely to benefit 
from testing and could be targeted in future trials. 

8. Future research 

Although several markers have been shown to detect AKI earlier and are more sensitive than the current markers of AKI (i.e., serum 
creatinine and urine output), there are still substantial knowledge gaps that need to be covered in future studies. A recent consensus 
paper on AKI biomarkers made recommendations for clinical practice and future research [32]. In particular, there is a need for 
interventional studies evaluating the utility of biomarker measurement in guiding treatment strategies to prevent progression of AKI. 
Currently, only limited data is available to support an impact of a positive biomarker test guided implementation of an AKI care bundle 
in high-risk patients [36,37,126]. Considering the limitations, the results from ongoing multicentre studies are required to generate 
more evidence (e.g., BigpAK-2 [Biomarker-guided Intervention to Prevent Acute Kidney Injury; NCT04647396], LAPIS [A Study 
Looking at the Use of Biomarkers to Provide Early Indication of Acute Kidney Injury in Patients With Sepsis (Limiting AKI Progression 
In Sepsis); NCT04434209]). It is hoped that the data provided from these studies, among others, will also be a valuable resource from 
which to inform future economic evaluations. 

Finally, laboratory implementation of AKI biomarkers requires the determination of reference intervals, their widespread avail-
ability, and concordance between assays. For example, a recent position paper of the American Association for Clinical Chemistry 
highlighted that the cystatin C assay cannot be universally recommended due to poor standardization, the lack of availability from 
most vendors and high cost (in comparison with serum creatinine) worldwide [127]. We anticipate that cost reduction of cystatin C 
measurements could occur with broad adoption over time given that the National Kidney Foundation-American Society of Nephrology 
recommends that clinical laboratories quickly implement the CKD Epidemiology Collaboration (CKD-EPI) 2021 equations based on 
serum creatinine and cystatin C to eliminate race as a parameter when calculating estimated GFR and to standardize laboratory 
reporting [128]. Beyond cystatin C, the only other biomarker approved by the FDA is [TIMP-2]•[IGFBP7] for the assessment of AKI 
stage 2–3; it is also available in Europe. NGAL has also been CE-Marked (Conformité Européenne) since 2009 but is has not been 
approved by FDA for clinical use. 

9. Conclusions 

The recent gain of knowledge in the field of AKI reflects the advances in molecular biology. The role of several molecules involved 
in complex AKI mechanisms has been partially unraveled, propelling the investigation of the clinical utility of these molecules as 
biomarkers. In the roadmap for an update in AKI classification the incorporation of biomarkers is of utmost relevance. The judicious 
use of the new clinical available biomarkers allows the early laboratory detection of AKI and the recognition of AKI subphenotypes. 
This is especially pertinent in high-risk patients in whom the additional information brought by laboratory results enriches and makes 
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risk assessment tools more reliable. Preventive actions and early interventions can be tailored to the patients that might benefit them 
most, ultimately mitigating the burden and adverse outcomes associated with AKI. 

A wake-up call is needed to alert healthcare policymakers and clinical practitioners to integrate the new biomarkers in protocols for 
AKI management. In parallel, researchers are encouraged to assess biomarkers as outcomes in trials evaluating their cost-effectiveness 
and the safety profile of pharmacological and non-pharmacological interventions concerning the kidneys. Undoubtedly, these actions 
will be major drivers in the progress of nephrology. 
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TIMP-2 tissue inhibitor of metalloproteinases-2 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.plabm.2022.e00283. 

References 

[1] C. Ronco, R. Bellomo, J.A. Kellum, Acute kidney injury, Lancet 394 (2019) 1949–1964. 
[2] C. Ronco, M. Haapio, A.A. House, N. Anavekar, R. Bellomo, Cardiorenal syndrome, J. Am. Coll. Cardiol. 52 (2008) 1527–1539. 
[3] P. Angeli, G. Garcia-Tsao, M.K. Nadim, C.R. Parikh, News in pathophysiology, definition and classification of hepatorenal syndrome: a step beyond the 

International Club of Ascites (ICA) consensus document, J. Hepatol. 71 (2019) 811–822. 
[4] S.L. Kane-Gill, S.L. Goldstein, Drug-induced acute kidney injury: a focus on risk assessment for prevention, Crit. Care Clin. 31 (2015) 675–684. 
[5] M.K. Nadim, L.G. Forni, A. Bihorac, C. Hobson, J.L. Koyner, A. Shaw, G.J. Arnaoutakis, X. Ding, D.T. Engelman, H. Gasparovic, V. Gasparovic, C.A. Herzog, 

K. Kashani, N. Katz, K.D. Liu, R.L. Mehta, M. Ostermann, N. Pannu, P. Pickkers, S. Price, Z. Ricci, J.B. Rich, L.R. Sajja, F.A. Weaver, A. Zarbock, C. Ronco, J. 
A. Kellum, Cardiac and vascular surgery-associated acute kidney injury: the 20th international consensus conference of the ADQI (acute disease quality 
initiative) group, J. Am. Heart Assoc. 7 (2018), e008834. 

[6] H. Gomez, C. Ince, D. De Backer, P. Pickkers, D. Payen, J. Hotchkiss, J.A. Kellum, A unified theory of sepsis-induced acute kidney injury: inflammation, 
microcirculatory dysfunction, bioenergetics, and the tubular cell adaptation to injury, Shock 41 (2014) 3–11. 

[7] R.L. Mehta, J. Cerda, E.A. Burdmann, M. Tonelli, G. Garcia-Garcia, V. Jha, P. Susantitaphong, M. Rocco, R. Vanholder, M.S. Sever, D. Cruz, B. Jaber, N. 
H. Lameire, R. Lombardi, A. Lewington, J. Feehally, F. Finkelstein, N. Levin, N. Pannu, B. Thomas, E. Aronoff-Spencer, G. Remuzzi, International Society of 
Nephrology’s 0by25 initiative for acute kidney injury (zero preventable deaths by 2025): a human rights case for nephrology, Lancet 385 (2015) 2616–2643. 

[8] M. Al-Jaghbeer, D. Dealmeida, A. Bilderback, R. Ambrosino, J.A. Kellum, Clinical decision support for in-hospital AKI, J. Am. Soc. Nephrol. 29 (2018) 
654–660. 

F. Husain-Syed et al.                                                                                                                                                                                                  

https://doi.org/10.1016/j.plabm.2022.e00283
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref1
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref2
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref3
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref3
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref4
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref5
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref5
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref5
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref5
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref6
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref6
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref7
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref7
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref7
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref8
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref8


Practical Laboratory Medicine 31 (2022) e00283

10

[9] J. Hu, R. Chen, S. Liu, X. Yu, J. Zou, X. Ding, Global incidence and outcomes of adult patients with acute kidney injury after cardiac surgery: a systematic 
review and meta-analysis, J. Cardiothorac. Vasc. Anesth. 30 (2016) 82–89. 

[10] E.A. Hoste, S.M. Bagshaw, R. Bellomo, C.M. Cely, R. Colman, D.N. Cruz, K. Edipidis, L.G. Forni, C.D. Gomersall, D. Govil, P.M. Honore, O. Joannes-Boyau, 
M. Joannidis, A.M. Korhonen, A. Lavrentieva, R.L. Mehta, P. Palevsky, E. Roessler, C. Ronco, S. Uchino, J.A. Vazquez, E. Vidal Andrade, S. Webb, J.A. Kellum, 
Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI study, Intensive Care Med. 41 (2015) 1411–1423. 

[11] P. Susantitaphong, D.N. Cruz, J. Cerda, M. Abulfaraj, F. Alqahtani, I. Koulouridis, B.L. Jaber, N. Acute kidney injury advisory group of the American society of, 
world incidence of AKI: a meta-analysis, Clin. J. Am. Soc. Nephrol. 8 (2013) 1482–1493. 

[12] E.A.J. Hoste, J.A. Kellum, N.M. Selby, A. Zarbock, P.M. Palevsky, S.M. Bagshaw, S.L. Goldstein, J. Cerda, L.S. Chawla, Global epidemiology and outcomes of 
acute kidney injury, Nat. Rev. Nephrol. 14 (2018) 607–625. 

[13] R.L. Mehta, E.A. Burdmann, J. Cerda, J. Feehally, F. Finkelstein, G. Garcia-Garcia, M. Godin, V. Jha, N.H. Lameire, N.W. Levin, A. Lewington, R. Lombardi, 
E. Macedo, M. Rocco, E. Aronoff-Spencer, M. Tonelli, J. Zhang, G. Remuzzi, Recognition and management of acute kidney injury in the International Society of 
Nephrology 0by25 Global Snapshot: a multinational cross-sectional study, Lancet 387 (2016) 2017–2025. 

[14] F. Husain-Syed, M.H. Rosner, C. Ronco, Distant organ dysfunction in acute kidney injury, Acta Physiol. 228 (2020), e13357. 
[15] F. Husain-Syed, P.A. McCullough, H.W. Birk, M. Renker, A. Brocca, W. Seeger, C. Ronco, Cardio-pulmonary-renal interactions: a multidisciplinary approach, 

J. Am. Coll. Cardiol. 65 (2015) 2433–2448. 
[16] F.E. Sileanu, R. Murugan, N. Lucko, G. Clermont, S.L. Kane-Gill, S.M. Handler, J.A. Kellum, AKI in low-risk versus high-risk patients in intensive care, Clin. J. 

Am. Soc. Nephrol. 10 (2015) 187–196. 
[17] J.P. Lafrance, D.R. Miller, Acute kidney injury associates with increased long-term mortality, J. Am. Soc. Nephrol. 21 (2010) 345–352. 
[18] N.H. Lameire, A. Bagga, D. Cruz, J. De Maeseneer, Z. Endre, J.A. Kellum, K.D. Liu, R.L. Mehta, N. Pannu, W. Van Biesen, R. Vanholder, Acute kidney injury: an 

increasing global concern, Lancet 382 (2013) 170–179. 
[19] S.G. Coca, S. Singanamala, C.R. Parikh, Chronic kidney disease after acute kidney injury: a systematic review and meta-analysis, Kidney Int. 81 (2012) 

442–448. 
[20] L.S. Chawla, P.L. Kimmel, Acute kidney injury and chronic kidney disease: an integrated clinical syndrome, Kidney Int. 82 (2012) 516–524. 
[21] Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group, KDIGO clinical practice guideline for acute kidney injury, Kidney Int. 

Suppl. (2012) 1–138. 
[22] A. Sharma, M.J. Mucino, C. Ronco, Renal functional reserve and renal recovery after acute kidney injury, Nephron Clin. Pract. 127 (2014) 94–100. 
[23] M.E. Thomas, C. Blaine, A. Dawnay, M.A. Devonald, S. Ftouh, C. Laing, S. Latchem, A. Lewington, D.V. Milford, M. Ostermann, The definition of acute kidney 

injury and its use in practice, Kidney Int. 87 (2015) 62–73. 
[24] E. Macedo, J. Bouchard, S.H. Soroko, G.M. Chertow, J. Himmelfarb, T.A. Ikizler, E.P. Paganini, R.L. Mehta, S, Program to Improve Care in Acute Renal Disease, 

Fluid accumulation, recognition and staging of acute kidney injury in critically-ill patients, Crit. Care 14 (2010) R82. 
[25] P.K. Bhatraju, L.R. Zelnick, V.M. Chinchilli, D.G. Moledina, S.G. Coca, C.R. Parikh, A.X. Garg, C.Y. Hsu, A.S. Go, K.D. Liu, T.A. Ikizler, E.D. Siew, J.S. Kaufman, 

P.L. Kimmel, J. Himmelfarb, M.M. Wurfel, Association between early recovery of kidney function after acute kidney injury and long-term clinical outcomes, 
JAMA Netw. Open 3 (2020), e202682. 

[26] E. Macedo, R. Malhotra, J. Bouchard, S.K. Wynn, R.L. Mehta, Oliguria is an early predictor of higher mortality in critically ill patients, Kidney Int. 80 (2011) 
760–767. 

[27] F. Husain-Syed, H.J. Grone, B. Assmus, P. Bauer, H. Gall, W. Seeger, A. Ghofrani, C. Ronco, H.W. Birk, Congestive nephropathy: a neglected entity? Proposal 
for diagnostic criteria and future perspectives, ESC Heart Fail 8 (2020) 183–203. 

[28] R. Chu, C. Li, S. Wang, W. Zou, G. Liu, L. Yang, Assessment of KDIGO definitions in patients with histopathologic evidence of acute renal disease, Clin. J. Am. 
Soc. Nephrol. 9 (2014) 1175–1182. 

[29] J.P. Kassirer, Clinical evaluation of kidney function–glomerular function, N. Engl. J. Med. 285 (1971) 385–389. 
[30] Z. Ricci, D.N. Cruz, C. Ronco, Classification and staging of acute kidney injury: beyond the RIFLE and AKIN criteria, Nat. Rev. Nephrol. 7 (2011) 20–28. 
[31] R. Fenoglio, S. Sciascia, S. Baldovino, D. Roccatello, Acute kidney injury associated with glomerular diseases, Curr. Opin. Crit. Care 25 (2019) 573–579. 
[32] M. Ostermann, A. Zarbock, S. Goldstein, K. Kashani, E. Macedo, R. Murugan, M. Bell, L. Forni, L. Guzzi, M. Joannidis, S.L. Kane-Gill, M. Legrand, R. Mehta, P. 

T. Murray, P. Pickkers, M. Plebani, J. Prowle, Z. Ricci, T. Rimmele, M. Rosner, A.D. Shaw, J.A. Kellum, C. Ronco, Recommendations on acute kidney injury 
biomarkers from the acute disease quality initiative consensus conference: a consensus statement, JAMA Netw. Open 3 (2020), e2019209. 

[33] M. Haase, J.A. Kellum, C. Ronco, Subclinical AKI–an emerging syndrome with important consequences, Nat. Rev. Nephrol. 8 (2012) 735–739. 
[34] P.T. Murray, R.L. Mehta, A. Shaw, C. Ronco, Z. Endre, J.A. Kellum, L.S. Chawla, D. Cruz, C. Ince, M.D. Okusa, A. workgroup, Potential use of biomarkers in 

acute kidney injury: report and summary of recommendations from the 10th Acute Dialysis Quality Initiative consensus conference, Kidney Int. 85 (2014) 
513–521. 

[35] J.A. Kellum, C. Ronco, R. Bellomo, Author Correction, Conceptual advances and evolving terminology in acute kidney disease, Nat. Rev. Nephrol. 15 (2019) 
599–612. 

[36] M. Meersch, C. Schmidt, A. Hoffmeier, H. Van Aken, C. Wempe, J. Gerss, A. Zarbock, Prevention of cardiac surgery-associated AKI by implementing the KDIGO 
guidelines in high risk patients identified by biomarkers: the PrevAKI randomized controlled trial, Intensive Care Med. 43 (2017) 1551–1561. 

[37] A. Zarbock, M. Kullmar, M. Ostermann, G. Lucchese, K. Baig, A. Cennamo, R. Rajani, S. McCorkell, C. Arndt, H. Wulf, M. Irqsusi, F. Monaco, A.L. Di Prima, 
M. Garcia Alvarez, S. Italiano, J. Miralles Bagan, G. Kunst, S. Nair, C. L’Acqua, E. Hoste, W. Vandenberghe, P.M. Honore, J.A. Kellum, L.G. Forni, P. Grieshaber, 
C. Massoth, R. Weiss, J. Gerss, C. Wempe, M. Meersch, Prevention of cardiac surgery-associated acute kidney injury by implementing the KDIGO guidelines in 
high-risk patients identified by biomarkers: the PrevAKI-multicenter randomized controlled trial, Anesth. Analg. 133 (2021) 292–302. 

[38] J.L. Alge, J.M. Arthur, Biomarkers of AKI: a review of mechanistic relevance and potential therapeutic implications, Clin. J. Am. Soc. Nephrol. 10 (2015) 
147–155. 

[39] M. Ostermann, R. Bellomo, E.A. Burdmann, K. Doi, Z.H. Endre, S.L. Goldstein, S.L. Kane-Gill, K.D. Liu, J.R. Prowle, A.D. Shaw, N. Srisawat, M. Cheung, 
M. Jadoul, W.C. Winkelmayer, J.A. Kellum, P. Conference, Controversies in acute kidney injury: conclusions from a kidney disease: improving global outcomes 
(KDIGO) conference, Kidney Int. 98 (2020) 294–309. 

[40] B. Desanti De Oliveira, K. Xu, T.H. Shen, M. Callahan, K. Kiryluk, V.D. D’Agati, N.P. Tatonetti, J. Barasch, P. Devarajan, Molecular nephrology: types of acute 
tubular injury, Nat. Rev. Nephrol. 15 (2019) 599–612. 

[41] D.R. Emlet, N. Pastor-Soler, A. Marciszyn, X. Wen, H. Gomez, W.H.t. Humphries, S. Morrisroe, J.K. Volpe, J.A. Kellum, Insulin-like growth factor binding 
protein 7 and tissue inhibitor of metalloproteinases-2: differential expression and secretion in human kidney tubule cells, Am. J. Physiol. Ren. Physiol. 312 
(2017) F284–F296. 

[42] N. Paragas, A. Qiu, Q. Zhang, B. Samstein, S.X. Deng, K.M. Schmidt-Ott, M. Viltard, W. Yu, C.S. Forster, G. Gong, Y. Liu, R. Kulkarni, K. Mori, A. Kalandadze, A. 
J. Ratner, P. Devarajan, D.W. Landry, V. D’Agati, C.S. Lin, J. Barasch, The Ngal reporter mouse detects the response of the kidney to injury in real time, Nat. 
Med. 17 (2011) 216–222. 

[43] T. Ichimura, E.J. Asseldonk, B.D. Humphreys, L. Gunaratnam, J.S. Duffield, J.V. Bonventre, Kidney injury molecule-1 is a phosphatidylserine receptor that 
confers a phagocytic phenotype on epithelial cells, J. Clin. Invest. 118 (2008) 1657–1668. 

[44] T. Yamamoto, E. Noiri, Y. Ono, K. Doi, K. Negishi, A. Kamijo, K. Kimura, T. Fujita, T. Kinukawa, H. Taniguchi, K. Nakamura, M. Goto, N. Shinozaki, 
S. Ohshima, T. Sugaya, Renal L-type fatty acid–binding protein in acute ischemic injury, J. Am. Soc. Nephrol. 18 (2007) 2894–2902. 

[45] E. Hoste, A. Bihorac, A. Al-Khafaji, L.M. Ortega, M. Ostermann, M. Haase, K. Zacharowski, R. Wunderink, M. Heung, M. Lissauer, W.H. Self, J.L. Koyner, P. 
M. Honore, J.R. Prowle, M. Joannidis, L.G. Forni, J.P. Kampf, P. McPherson, J.A. Kellum, L.S. Chawla, R. Investigators, Identification and validation of 
biomarkers of persistent acute kidney injury: the RUBY study, Intensive Care Med. 46 (2020) 943–953. 

[46] P. Schulz-Knappe, H.J. Magert, B. Dewald, M. Meyer, Y. Cetin, M. Kubbies, J. Tomeczkowski, K. Kirchhoff, M. Raida, K. Adermann, A. Kist, M. Reinecke, 
R. Sillard, A. Pardigol, M. Uguccioni, M. Baggiolini, W.G. Forssmann, HCC-1, a novel chemokine from human plasma, J. Exp. Med. 183 (1996) 295–299. 

F. Husain-Syed et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2352-5517(22)00022-1/sref9
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref9
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref10
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref10
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref10
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref11
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref11
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref12
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref12
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref13
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref13
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref13
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref14
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref15
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref15
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref16
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref16
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref17
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref18
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref18
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref19
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref19
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref20
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref21
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref21
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref22
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref23
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref23
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref24
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref24
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref25
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref25
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref25
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref26
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref26
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref27
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref27
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref28
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref28
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref29
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref30
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref31
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref32
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref32
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref32
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref33
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref34
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref34
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref34
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref35
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref35
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref36
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref36
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref37
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref37
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref37
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref37
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref38
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref38
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref39
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref39
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref39
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref40
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref40
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref41
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref41
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref41
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref42
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref42
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref42
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref43
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref43
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref44
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref44
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref45
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref45
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref45
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref46
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref46


Practical Laboratory Medicine 31 (2022) e00283

11

[47] G. Federico, M. Meister, D. Mathow, G.H. Heine, G. Moldenhauer, Z.V. Popovic, V. Nordstrom, A. Kopp-Schneider, T. Hielscher, P.J. Nelson, F. Schaefer, 
S. Porubsky, D. Fliser, B. Arnold, H.J. Grone, Tubular Dickkopf-3 promotes the development of renal atrophy and fibrosis, JCI Insight 1 (2016), e84916. 

[48] A.S. Levey, J. Coresh, H. Tighiouart, T. Greene, L.A. Inker, Measured and estimated glomerular filtration rate: current status and future directions, Nature 
reviews. Nat Rev Nephrol. 16 (2020) 51–64. 

[49] R. Beunders, J. Struck, A.H.B. Wu, A. Zarbock, S. Di Somma, R.L. Mehta, J.L. Koyner, M.K. Nadim, A.S. Maisel, P.T. Murray, S.X. Neath, A. Jaffe, P. Pickkers, 
Proenkephalin (PENK) as a novel biomarker for kidney function, J. Appl. Lab Med. 2 (3) (2017) 400–412. 

[50] Q.H. Yang, D.W. Liu, Y. Long, H.Z. Liu, W.Z. Chai, X.T. Wang, Acute renal failure during sepsis: potential role of cell cycle regulation, J. Infect. 58 (2009) 
459–464. 

[51] A.C.M. Johnson, R.A. Zager, Mechanisms underlying increased TIMP2 and IGFBP7 urinary excretion in experimental AKI, J. Am. Soc. Nephrol. 29 (2018) 
2157–2167. 

[52] N.M. Katz, J.A. Kellum, C. Ronco, Acute kidney stress and prevention of acute kidney injury, Crit. Care Med. 47 (2019) 993–996. 
[53] K. Kashani, A. Al-Khafaji, T. Ardiles, A. Artigas, S.M. Bagshaw, M. Bell, A. Bihorac, R. Birkhahn, C.M. Cely, L.S. Chawla, D.L. Davison, T. Feldkamp, L.G. Forni, 

M.N. Gong, K.J. Gunnerson, M. Haase, J. Hackett, P.M. Honore, E.A. Hoste, O. Joannes-Boyau, M. Joannidis, P. Kim, J.L. Koyner, D.T. Laskowitz, M.E. Lissauer, 
G. Marx, P.A. McCullough, S. Mullaney, M. Ostermann, T. Rimmele, N.I. Shapiro, A.D. Shaw, J. Shi, A.M. Sprague, J.L. Vincent, C. Vinsonneau, L. Wagner, M. 
G. Walker, R.G. Wilkerson, K. Zacharowski, J.A. Kellum, Discovery and validation of cell cycle arrest biomarkers in human acute kidney injury, Crit. Care 17 
(2013) R25. 

[54] M. Meersch, C. Schmidt, H. Van Aken, S. Martens, J. Rossaint, K. Singbartl, D. Gorlich, J.A. Kellum, A. Zarbock, Urinary TIMP-2 and IGFBP7 as early 
biomarkers of acute kidney injury and renal recovery following cardiac surgery, PLoS One 9 (2014), e93460. 

[55] A. Bihorac, L.S. Chawla, A.D. Shaw, A. Al-Khafaji, D.L. Davison, G.E. Demuth, R. Fitzgerald, M.N. Gong, D.D. Graham, K. Gunnerson, M. Heung, S. Jortani, 
E. Kleerup, J.L. Koyner, K. Krell, J. Letourneau, M. Lissauer, J. Miner, H.B. Nguyen, L.M. Ortega, W.H. Self, R. Sellman, J. Shi, J. Straseski, J.E. Szalados, S. 
T. Wilber, M.G. Walker, J. Wilson, R. Wunderink, J. Zimmerman, J.A. Kellum, Validation of cell-cycle arrest biomarkers for acute kidney injury using clinical 
adjudication, Am. J. Respir. Crit. Care Med. 189 (2014) 932–939. 

[56] N.S. Chindarkar, L.S. Chawla, J.A. Straseski, S.A. Jortani, D. Uettwiller-Geiger, R.R. Orr, J.A. Kellum, R.L. Fitzgerald, Reference intervals of urinary acute 
kidney injury (AKI) markers [IGFBP7][TIMP2] in apparently healthy subjects and chronic comorbid subjects without AKI, Clin. Chim. Acta 452 (2016) 32–37. 

[57] C.I. Pro, D.M. Yealy, J.A. Kellum, D.T. Huang, A.E. Barnato, L.A. Weissfeld, F. Pike, T. Terndrup, H.E. Wang, P.C. Hou, F. LoVecchio, M.R. Filbin, N.I. Shapiro, 
D.C. Angus, A randomized trial of protocol-based care for early septic shock, N. Engl. J. Med. 370 (2014) 1683–1693. 

[58] M. Fiorentino, Z. Xu, A. Smith, K. Singbartl, P.M. Palevsky, L.S. Chawla, D.T. Huang, D.M. Yealy, D.C. Angus, J.A. Kellum, ProCess, G.-A.K.I.I. Pro, Serial 
measurement of cell-cycle arrest biomarkers [TIMP-2]*[IGFBP7] and risk for progression to death, dialysis or severe acute kidney injury in patients with septic 
shock, Am. J. Respir. Crit. Care Med. 202 (2020) 1262–1270. 

[59] P.A. McCullough, M. Ostermann, L.G. Forni, A. Bihorac, J.L. Koyner, L.S. Chawla, J. Shi, J.P. Kampf, P. McPherson, J.A. Kellum, I. the Sapphire, Serial urinary 
tissue inhibitor of metalloproteinase-2 and insulin-like growth factor-binding protein 7 and the prognosis for acute kidney injury over the course of critical 
illness, Cardiorenal Med 9 (2019) 358–369. 

[60] I. Godi, S. De Rosa, F. Martino, S. Bazzano, M. Martin, E. Boni, M.R. Carta, C. Tamayo Diaz, G. Mari, A. Lorenzin, M. de Cal, V. Corradi, C. Caprara, 
D. Giavarina, C. Ronco, Urinary [TIMP-2] x [IGFBP7] and serum procalcitonin to predict and assess the risk for short-term outcomes in septic and non-septic 
critically ill patients, Ann. Intensive Care 10 (2020) 46. 

[61] F. Husain-Syed, J. Wilhelm, S. Kassoumeh, H.W. Birk, S. Herold, I. Vadasz, H.D. Walmrath, J.A. Kellum, C. Ronco, W. Seeger, Acute kidney injury and urinary 
biomarkers in hospitalized patients with coronavirus disease-2019, Nephrol. Dial. Transplant. 35 (2020) 1271–1274. 

[62] K.M. Schmidt-Ott, K. Mori, A. Kalandadze, J.Y. Li, N. Paragas, T. Nicholas, P. Devarajan, J. Barasch, Neutrophil gelatinase-associated lipocalin-mediated iron 
traffic in kidney epithelia, Curr. Opin. Nephrol. Hypertens. 15 (2006) 442–449. 

[63] J.Y. Li, G. Ram, K. Gast, X. Chen, K. Barasch, K. Mori, K. Schmidt-Ott, J. Wang, H.C. Kuo, C. Savage-Dunn, M.D. Garrick, J. Barasch, Detection of intracellular 
iron by its regulatory effect, Am. J. Physiol. Cell Physiol. 287 (2004) C1547–C1559. 

[64] K. Mori, H.T. Lee, D. Rapoport, I.R. Drexler, K. Foster, J. Yang, K.M. Schmidt-Ott, X. Chen, J.Y. Li, S. Weiss, J. Mishra, F.H. Cheema, G. Markowitz, 
T. Suganami, K. Sawai, M. Mukoyama, C. Kunis, V. D’Agati, P. Devarajan, J. Barasch, Endocytic delivery of lipocalin-siderophore-iron complex rescues the 
kidney from ischemia-reperfusion injury, J. Clin. Invest. 115 (2005) 610–621. 

[65] J. Mishra, Q. Ma, A. Prada, M. Mitsnefes, K. Zahedi, J. Yang, J. Barasch, P. Devarajan, Identification of neutrophil gelatinase-associated lipocalin as a novel 
early urinary biomarker for ischemic renal injury, J. Am. Soc. Nephrol. 14 (2003) 2534–2543. 

[66] D.A. Ferenbach, D.C. Kluth, J. Hughes, Hemeoxygenase-1 and renal ischaemia-reperfusion injury, Nephron Exp. Nephrol. 115 (2010) e33–7. 
[67] A. Md Ralib, M.B. Mat Nor, J.W. Pickering, Plasma Neutrophil Gelatinase-Associated Lipocalin diagnosed acute kidney injury in patients with systemic 

inflammatory disease and sepsis, Nephrology 22 (2017) 412–419. 
[68] E.V. Schrezenmeier, J. Barasch, K. Budde, T. Westhoff, K.M. Schmidt-Ott, Biomarkers in acute kidney injury - pathophysiological basis and clinical 

performance, Acta Physiol. 219 (2017) 554–572. 
[69] A. Zarbock, C. Schmidt, H. Van Aken, C. Wempe, S. Martens, P.K. Zahn, B. Wolf, U. Goebel, C.I. Schwer, P. Rosenberger, H. Haeberle, D. Gorlich, J.A. Kellum, 

M. Meersch, R.I. Renal, Effect of remote ischemic preconditioning on kidney injury among high-risk patients undergoing cardiac surgery: a randomized clinical 
trial, JAMA 313 (2015) 2133–2141. 

[70] C. Albert, A. Zapf, M. Haase, C. Rover, J.W. Pickering, A. Albert, R. Bellomo, T. Breidthardt, F. Camou, Z. Chen, S. Chocron, D. Cruz, H.R.H. de Geus, 
P. Devarajan, S. Di Somma, K. Doi, Z.H. Endre, M. Garcia-Alvarez, P.B. Hjortrup, M. Hur, G. Karaolanis, C. Kavalci, H. Kim, P. Lentini, C. Liebetrau, M. Lipcsey, 
J. Martensson, C. Muller, S. Nanas, T.L. Nickolas, C. Pipili, C. Ronco, G.J. Rosa-Diez, A. Ralib, K. Soto, R.C. Braun-Dullaeus, J. Heinz, A. Haase-Fielitz, 
Neutrophil gelatinase-associated lipocalin measured on clinical laboratory platforms for the prediction of acute kidney injury and the associated need for 
dialysis therapy: a systematic review and meta-analysis, Am. J. Kidney Dis. 76 (2020) 826–841 e1. 

[71] A. Haase-Fielitz, M. Haase, P. Devarajan, Neutrophil gelatinase-associated lipocalin as a biomarker of acute kidney injury: a critical evaluation of current 
status, Ann. Clin. Biochem. 51 (2014) 335–351. 

[72] S. Elitok, H. Kuppe, P. Devarajan, R. Bellomo, B. Isermann, S. Westphal, J. Kube, C. Albert, M. Ernst, S. Kropf, A. Haase-Fielitz, M. Haase, Urinary neutrophil 
gelatinase-associated lipocalin/hepcidin-25 ratio for early identification of patients at risk for renal replacement therapy after cardiac surgery: a substudy of 
the bicarbonate trial, Anesth. Analg. 133 (2021) 1510–1519. 

[73] J. Ho, M. Reslerova, B. Gali, A. Gao, J. Bestland, D.N. Rush, P.W. Nickerson, C. Rigatto, Urinary hepcidin-25 and risk of acute kidney injury following 
cardiopulmonary bypass, Clin. J. Am. Soc. Nephrol. 6 (2011) 2340–2346. 

[74] S. Elitok, P. Devarajan, R. Bellomo, B. Isermann, M. Haase, A. Haase-Fielitz, NGAL/hepcidin-25 ratio and AKI subtypes in patients following cardiac surgery: a 
prospective observational study, J. Nephrol. (2021), https://doi.org/10.1007/s40620-021-01063-5. 

[75] V. Williams, M. Jayashree, K. Nallasamy, D. Dayal, A. Rawat, S.V. Attri, Serial urinary neutrophil gelatinase associated lipocalin in pediatric diabetic 
ketoacidosis with acute kidney injury, Clin Diabetes Endocrinol 7 (2021) 20. 

[76] L. Chan, K. Chaudhary, A. Saha, K. Chauhan, A. Vaid, S. Zhao, I. Paranjpe, S. Somani, F. Richter, R. Miotto, A. Lala, A. Kia, P. Timsina, L. Li, R. Freeman, 
R. Chen, J. Narula, A.C. Just, C. Horowitz, Z. Fayad, C. Cordon-Cardo, E. Schadt, M.A. Levin, D.L. Reich, V. Fuster, B. Murphy, J.C. He, A.W. Charney, E. 
P. Bottinger, B.S. Glicksberg, S.G. Coca, G.N. Nadkarni, C.I.C. Mount Sinai, AKI in hospitalized patients with COVID-19, J. Am. Soc. Nephrol. 32 (2021) 
151–160. 

[77] M.K. Nadim, L.G. Forni, R.L. Mehta, M.J. Connor Jr., K.D. Liu, M. Ostermann, T. Rimmele, A. Zarbock, S. Bell, A. Bihorac, V. Cantaluppi, E. Hoste, F. Husain- 
Syed, M.J. Germain, S.L. Goldstein, S. Gupta, M. Joannidis, K. Kashani, J.L. Koyner, M. Legrand, N. Lumlertgul, S. Mohan, N. Pannu, Z. Peng, X.L. Perez- 
Fernandez, P. Pickkers, J. Prowle, T. Reis, N. Srisawat, A. Tolwani, A. Vijayan, G. Villa, L. Yang, C. Ronco, J.A. Kellum, COVID-19-associated acute kidney 
injury: consensus report of the 25th Acute Disease Quality Initiative (ADQI) Workgroup, Nat. Rev. Nephrol. 16 (2020) 747–764. 

F. Husain-Syed et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2352-5517(22)00022-1/sref47
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref47
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref48
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref48
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref49
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref49
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref50
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref50
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref51
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref51
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref52
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref53
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref53
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref53
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref53
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref53
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref54
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref54
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref55
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref55
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref55
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref55
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref56
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref56
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref57
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref57
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref58
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref58
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref58
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref59
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref59
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref59
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref60
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref60
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref60
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref61
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref61
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref62
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref62
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref63
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref63
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref64
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref64
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref64
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref65
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref65
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref66
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref67
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref67
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref68
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref68
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref69
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref69
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref69
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref70
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref70
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref70
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref70
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref70
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref71
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref71
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref72
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref72
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref72
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref73
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref73
https://doi.org/10.1007/s40620-021-01063-5
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref75
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref75
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref76
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref76
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref76
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref76
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref77
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref77
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref77
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref77


Practical Laboratory Medicine 31 (2022) e00283

12

[78] K. Xu, N. Shang, A. Levitman, A. Corker, S. Kudose, A. Yaeh, U. Neupane, J. Stevens, R. Sampogna, A.M. Mills, V. D’Agati, S. Mohan, K. Kiryluk, J. Barasch, 
Elevated neutrophil gelatinase-associated lipocalin is associated with the severity of kidney injury and poor prognosis of patients with COVID-19, Kidney Int. 
Rep. 6 (2021) 2979–2992. 

[79] Y. Komaru, K. Doi, M. Nangaku, Urinary neutrophil gelatinase-associated lipocalin in critically ill patients with coronavirus disease 2019, Crit Care Explor 2 
(2020), e0181. 

[80] L. Yang, C.R. Brooks, S. Xiao, V. Sabbisetti, M.Y. Yeung, L.L. Hsiao, T. Ichimura, V. Kuchroo, J.V. Bonventre, KIM-1-mediated phagocytosis reduces acute injury 
to the kidney, J. Clin. Invest. 125 (2015) 1620–1636. 

[81] W.K. Han, V. Bailly, R. Abichandani, R. Thadhani, J.V. Bonventre, Kidney Injury Molecule-1 (KIM-1): a novel biomarker for human renal proximal tubule 
injury, Kidney Int. 62 (2002) 237–244. 

[82] V.S. Vaidya, J.S. Ozer, F. Dieterle, F.B. Collings, V. Ramirez, S. Troth, N. Muniappa, D. Thudium, D. Gerhold, D.J. Holder, N.A. Bobadilla, E. Marrer, 
E. Perentes, A. Cordier, J. Vonderscher, G. Maurer, P.L. Goering, F.D. Sistare, J.V. Bonventre, Kidney injury molecule-1 outperforms traditional biomarkers of 
kidney injury in preclinical biomarker qualification studies, Nat. Biotechnol. 28 (2010) 478–485. 

[83] F. Dieterle, F. Sistare, F. Goodsaid, M. Papaluca, J.S. Ozer, C.P. Webb, W. Baer, A. Senagore, M.J. Schipper, J. Vonderscher, S. Sultana, D.L. Gerhold, J. 
A. Phillips, G. Maurer, K. Carl, D. Laurie, E. Harpur, M. Sonee, D. Ennulat, D. Holder, D. Andrews-Cleavenger, Y.Z. Gu, K.L. Thompson, P.L. Goering, J.M. Vidal, 
E. Abadie, R. Maciulaitis, D. Jacobson-Kram, A.F. Defelice, E.A. Hausner, M. Blank, A. Thompson, P. Harlow, D. Throckmorton, S. Xiao, N. Xu, W. Taylor, 
S. Vamvakas, B. Flamion, B.S. Lima, P. Kasper, M. Pasanen, K. Prasad, S. Troth, D. Bounous, D. Robinson-Gravatt, G. Betton, M.A. Davis, J. Akunda, J. 
E. McDuffie, L. Suter, L. Obert, M. Guffroy, M. Pinches, S. Jayadev, E.A. Blomme, S.A. Beushausen, V.G. Barlow, N. Collins, J. Waring, D. Honor, S. Snook, 
J. Lee, P. Rossi, E. Walker, W. Mattes, Renal biomarker qualification submission: a dialog between the FDA-EMEA and predictive safety testing consortium, 
Nat. Biotechnol. 28 (2010) 455–462. 

[84] J. Geng, Y. Qiu, Z. Qin, B. Su, The value of kidney injury molecule 1 in predicting acute kidney injury in adult patients: a systematic review and Bayesian meta- 
analysis, J. Transl. Med. 19 (2021) 105. 

[85] O.Z. Ismail, X. Zhang, J. Wei, A. Haig, B.M. Denker, R.S. Suri, A. Sener, L. Gunaratnam, Kidney injury molecule-1 protects against Galpha12 activation and 
tissue damage in renal ischemia-reperfusion injury, Am. J. Pathol. 185 (2015) 1207–1215. 

[86] K.D. Liu, E.D. Siew, W.B. Reeves, J. Himmelfarb, A.S. Go, C.Y. Hsu, M.R. Bennett, P. Devarajan, T.A. Ikizler, J.S. Kaufman, P.L. Kimmel, V.M. Chinchilli, C. 
R. Parikh, A.-A.S. Investigators, Storage time and urine biomarker levels in the ASSESS-AKI study, PLoS One 11 (2016), e0164832. 

[87] T. Nakamura, T. Sugaya, K. Node, Y. Ueda, H. Koide, Urinary excretion of liver-type fatty acid-binding protein in contrast medium-induced nephropathy, Am. 
J. Kidney Dis. 3 (2006) 439–444. 

[88] J.F. Landrier, C. Thomas, J. Grober, H. Duez, F. Percevault, M. Souidi, C. Linard, B. Staels, P. Besnard, Statin induction of liver fatty acid-binding protein (L- 
FABP) gene expression is peroxisome proliferator-activated receptor-alpha-dependent, J. Biol. Chem. 279 (2004) 45512–45518. 

[89] J. Ho, N. Tangri, P. Komenda, A. Kaushal, M. Sood, R. Brar, K. Gill, S. Walker, K. MacDonald, B.M. Hiebert, R.C. Arora, C. Rigatto, Urinary, plasma, and serum 
biomarkers’ utility for predicting acute kidney injury associated with cardiac surgery in adults: a meta-analysis, Am. J. Kidney Dis. 66 (2015) 993–1005. 

[90] T.H. Chiang, C.H. Yo, G.H. Lee, A. Mathew, T. Sugaya, W.Y. Li, C.C. Lee, Accuracy of liver-type fatty acid-binding protein in predicting acute kidney injury: a 
meta-analysis, J. Appl. Lab Med. (2021), https://doi.org/10.1093/jalm/jfab092. 

[91] S.M. Bagshaw, A. Al-Khafaji, A. Artigas, D. Davison, M. Haase, M. Lissauer, K. Zacharowski, L.S. Chawla, T. Kwan, J.P. Kampf, P. McPherson, J.A. Kellum, 
External validation of urinary C-C motif chemokine ligand 14 (CCL14) for prediction of persistent acute kidney injury, Crit. Care 25 (2021) 185. 

[92] D. Zhou, H. Fu, L. Xiao, H. Mo, H. Zhuo, X. Tian, L. Lin, J. Xing, Y. Liu, Fibroblast-specific beta-catenin signaling dictates the outcome of AKI, J. Am. Soc. 
Nephrol. 29 (2018) 1257–1271. 

[93] S.L. Lin, B. Li, S. Rao, E.J. Yeo, T.E. Hudson, B.T. Nowlin, H. Pei, L. Chen, J.J. Zheng, T.J. Carroll, J.W. Pollard, A.P. McMahon, R.A. Lang, J.S. Duffield, 
Macrophage Wnt7b is critical for kidney repair and regeneration, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 4194–4199. 

[94] D. Zhou, Y. Li, L. Lin, L. Zhou, P. Igarashi, Y. Liu, Tubule-specific ablation of endogenous beta-catenin aggravates acute kidney injury in mice, Kidney Int. 82 
(2012) 537–547. 

[95] S. Zewinger, T. Rauen, M. Rudnicki, G. Federico, M. Wagner, S. Triem, S.J. Schunk, I. Petrakis, D. Schmit, S. Wagenpfeil, G.H. Heine, G. Mayer, J. Floege, 
D. Fliser, H.J. Grone, T. Speer, Dickkopf-3 (DKK3) in urine identifies patients with short-term risk of eGFR loss, J. Am. Soc. Nephrol. 29 (2018) 2722–2733. 

[96] G. Roscigno, C. Quintavalle, G. Biondi-Zoccai, F. De Micco, G. Frati, A. Affinito, S. Nuzzo, G. Condorelli, C. Briguori, Urinary dickkopf-3 and contrast- 
associated kidney damage, J. Am. Coll. Cardiol. 77 (2021) 2667–2676. 

[97] S.J. Schunk, A. Zarbock, M. Meersch, M. Kullmar, J.A. Kellum, D. Schmit, M. Wagner, S. Triem, S. Wagenpfeil, H.J. Grone, H.J. Schafers, D. Fliser, T. Speer, 
S. Zewinger, Association between urinary dickkopf-3, acute kidney injury, and subsequent loss of kidney function in patients undergoing cardiac surgery: an 
observational cohort study, Lancet 394 (2019) 488–496. 

[98] F. Husain-Syed, G. Villa, J. Wilhelm, S. Samoni, U. Matt, I. Vadasz, K. Tello, B. Jennert, H. Dietrich, J. Trauth, S. Kassoumeh, B. Arneth, H. Renz, M. Sander, 
S. Herold, W. Seeger, S.J. Schunk, T. Speer, H.W. Birk, C. Ronco, Renal markers for monitoring acute kidney injury transition to chronic kidney disease after 
COVID-19, Lancet 394 (2019) 488–496. 

[99] A. Grubb, U. Nyman, J. Bjork, Improved estimation of glomerular filtration rate (GFR) by comparison of eGFRcystatin C and eGFRcreatinine, Scand. J. Clin. 
Lab. Invest. 72 (2012) 73–77. 

[100] Kidney Disease: Improving Global Outcomes (Kdigo) CKD Work Group, KDIGO 2012 clinical practice guideline for the evaluation and management of chronic 
kidney disease, Kidney Int. Suppl. (2013) 1–150. 

[101] National Institute of Diabetes and Digestive and Kidney Diseases, Update on cystatin C. https://www.niddk.nih.gov/research-funding/research-programs/ 
kidney-clinical-research-epidemiology/laboratory/update-cystatin-c. (Accessed 12 December 2021). 

[102] G.M. Denning, L.W. Ackermann, T.J. Barna, J.G. Armstrong, L.L. Stoll, N.L. Weintraub, E.W. Dickson, Proenkephalin expression and enkephalin release are 
widely observed in non-neuronal tissues, Peptides 29 (2008) 83–92. 

[103] A. Hollinger, X. Wittebole, B. Francois, P. Pickkers, M. Antonelli, E. Gayat, B.G. Chousterman, J.B. Lascarrou, T. Dugernier, S. Di Somma, J. Struck, 
A. Bergmann, A. Beishuizen, J.M. Constantin, C. Damoisel, N. Deye, S. Gaudry, V. Huberlant, G. Marx, E. Mercier, H. Oueslati, O. Hartmann, R. Sonneville, P. 
F. Laterre, A. Mebazaa, M. Legrand, Proenkephalin A 119-159 (Penkid) is an early biomarker of septic acute kidney injury: the kidney in sepsis and septic shock 
(Kid-SSS) study, Kidney Int. Rep. 3 (2018) 1424–1433. 

[104] G. Leijte, Plasma proenkephalin to monitor kidney function in critically ill sepsis patients [abstract] in AKI & CRRT 2017. San Diego (CA). https://www. 
crrtonline.com/conference/posters_2017/66%20G%20Leijte.pdf, 2017. (Accessed 30 December 2021). 

[105] Y. Matsue, J.M. Ter Maaten, J. Struck, M. Metra, C.M. O’Connor, P. Ponikowski, J.R. Teerlink, G. Cotter, B. Davison, J.G. Cleland, M.M. Givertz, D. 
M. Bloomfield, H.C. Dittrich, D.J. van Veldhuisen, P. van der Meer, K. Damman, A.A. Voors, Clinical correlates and prognostic value of proenkephalin in acute 
and chronic heart failure, J. Card. Fail. 23 (2017) 231–239. 

[106] O.W. van den Brink, L.M. Delbridge, F.L. Rosenfeldt, D. Penny, D.S. Esmore, D. Quick, D.M. Kaye, S. Pepe, Endogenous cardiac opioids: enkephalins in 
adaptation and protection of the heart, Heart Lung Circ. 12 (2003) 178–187. 

[107] D.C. Siong Chan, T.H. Cao, L.L. Ng, Proenkephalin in heart failure, Heart Fail. Clin. 14 (2018) 1–11. 
[108] L.L. Ng, I.B. Squire, D.J.L. Jones, T.H. Cao, D.C.S. Chan, J.K. Sandhu, P.A. Quinn, J.E. Davies, J. Struck, O. Hartmann, A. Bergmann, A. Mebazaa, E. Gayat, 

M. Arrigo, E. Akiyama, Z. Sabti, J. Lohrmann, R. Twerenbold, T. Herrmann, C. Schumacher, N. Kozhuharov, C. Mueller, G. Network, Proenkephalin, renal 
dysfunction, and prognosis in patients with acute heart failure: a great network study, J. Am. Coll. Cardiol. 69 (2017) 56–69. 

[109] L.J. Donato, J.W. Meeusen, J.C. Lieske, D. Bergmann, A. Sparwasser, A.S. Jaffe, Analytical performance of an immunoassay to measure proenkephalin, Clin. 
Biochem. 58 (2018) 72–77. 

[110] L.L. Ng, J.K. Sandhu, H. Narayan, P.A. Quinn, I.B. Squire, J.E. Davies, A. Bergmann, A. Maisel, D.J. Jones, Proenkephalin and prognosis after acute myocardial 
infarction, J. Am. Coll. Cardiol. 63 (2014) 280–289. 

F. Husain-Syed et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2352-5517(22)00022-1/sref78
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref78
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref78
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref79
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref79
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref80
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref80
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref81
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref81
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref82
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref82
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref82
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref83
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref84
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref84
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref85
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref85
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref86
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref86
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref87
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref87
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref88
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref88
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref89
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref89
https://doi.org/10.1093/jalm/jfab092
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref91
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref91
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref92
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref92
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref93
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref93
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref94
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref94
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref95
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref95
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref96
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref96
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref97
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref97
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref97
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref98
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref98
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref98
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref99
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref99
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref100
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref100
https://www.niddk.nih.gov/research-funding/research-programs/kidney-clinical-research-epidemiology/laboratory/update-cystatin-c
https://www.niddk.nih.gov/research-funding/research-programs/kidney-clinical-research-epidemiology/laboratory/update-cystatin-c
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref102
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref102
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref103
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref103
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref103
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref103
https://www.crrtonline.com/conference/posters_2017/66%20G%20Leijte.pdf
https://www.crrtonline.com/conference/posters_2017/66%20G%20Leijte.pdf
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref105
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref105
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref105
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref106
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref106
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref107
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref108
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref108
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref108
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref109
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref109
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref110
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref110


Practical Laboratory Medicine 31 (2022) e00283

13

[111] T.L. Nickolas, K.M. Schmidt-Ott, P. Canetta, C. Forster, E. Singer, M. Sise, A. Elger, O. Maarouf, D.A. Sola-Del Valle, M. O’Rourke, E. Sherman, P. Lee, A. Geara, 
P. Imus, A. Guddati, A. Polland, W. Rahman, S. Elitok, N. Malik, J. Giglio, S. El-Sayegh, P. Devarajan, S. Hebbar, S.J. Saggi, B. Hahn, R. Kettritz, F.C. Luft, 
J. Barasch, Diagnostic and prognostic stratification in the emergency department using urinary biomarkers of nephron damage: a multicenter prospective 
cohort study, J. Am. Coll. Cardiol. 59 (2012) 246–255. 

[112] S.J. McWilliam, D.J. Antoine, V. Sabbisetti, M.A. Turner, T. Farragher, J.V. Bonventre, B.K. Park, R.L. Smyth, M. Pirmohamed, Mechanism-based urinary 
biomarkers to identify the potential for aminoglycoside-induced nephrotoxicity in premature neonates: a proof-of-concept study, PLoS One 7 (8) (2012), 
e43809. 

[113] T. Ahmad, K. Jackson, V.S. Rao, W.H.W. Tang, M.A. Brisco-Bacik, H.H. Chen, G.M. Felker, A.F. Hernandez, C.M. O’Connor, V.S. Sabbisetti, J.V. Bonventre, F. 
P. Wilson, S.G. Coca, J.M. Testani, Worsening renal function in patients with acute heart failure undergoing aggressive diuresis is not associated with tubular 
injury, Circulation 137 (2018) 2016–2028. 

[114] G.M. Felker, K.L. Lee, D.A. Bull, M.M. Redfield, L.W. Stevenson, S.R. Goldsmith, M.M. LeWinter, A. Deswal, J.L. Rouleau, E.O. Ofili, K.J. Anstrom, A. 
F. Hernandez, S.E. McNulty, E.J. Velazquez, A.G. Kfoury, H.H. Chen, M.M. Givertz, M.J. Semigran, B.A. Bart, A.M. Mascette, E. Braunwald, C.M. O’Connor, N. 
H.F.C.R. Network, Diuretic strategies in patients with acute decompensated heart failure, N. Engl. J. Med. 364 (2011) 797–805. 

[115] M.A. Brisco, M.R. Zile, J.S. Hanberg, F.P. Wilson, C.R. Parikh, S.G. Coca, W.H. Tang, J.M. Testani, Relevance of changes in serum creatinine during a heart 
failure trial of decongestive strategies: insights from the DOSE trial, J. Card. Fail. 22 (2016) 753–760. 

[116] C. Liu, M.K. Mor, P.M. Palevsky, J.S. Kaufman, H. Thiessen Philbrook, S.D. Weisbord, C.R. Parikh, Postangiography increases in serum creatinine and 
biomarkers of injury and repair, Clin. J. Am. Soc. Nephrol. 15 (2020) 1240–1250. 

[117] B.A. McMahon, M. Galligan, L. Redahan, T. Martin, E. Meaney, E.J. Cotter, N. Murphy, C. Hannon, P. Doran, B. Marsh, A. Nichol, P.T. Murray, Biomarker 
predictors of adverse acute kidney injury outcomes in critically ill patients: the dublin acute biomarker group evaluation study, Am. J. Nephrol. 50 (2019) 
19–28. 

[118] S. Duff, R. Irwin, J.M. Cote, L. Redahan, B.A. McMahon, B. Marsh, A. Nichol, S. Holden, P. Doran, P.T. Murray, Urinary biomarkers predict progression and 
adverse outcomes ofacute kidney injury in critical illness, Nephrol. Dial. Transplant. (2021), https://doi.org/10.1093/ndt/gfab263. 

[119] S. Ftouh, A. Lewington, C, Acute kidney injury guideline development group convened by the national clinical guidelines, H. Commissioned by the national 
Institute for, i.a.w.T.R.C.o.P.C. Care excellence, prevention, detection and management of acute kidney injury: concise guideline, Clin. Med. 14 (2014) 61–65. 

[120] M. Joannidis, W. Druml, L.G. Forni, A.B. Groeneveld, P. Honore, H.M. Oudemans-van Straaten, C. Ronco, M.R. Schetz, A.J. Woittiez, M, Critical Care 
Nephrology Working Group of the European Society of Intensive Care, Prevention of acute kidney injury and protection of renal function in the intensive care 
unit, Expert opinion of the Working Group for Nephrology, ESICM, Intensive Care Med 36 (2010) 392–411. 

[121] G.M. Chertow, E. Burdick, M. Honour, J.V. Bonventre, D.W. Bates, Acute kidney injury, mortality, length of stay, and costs in hospitalized patients, J. Am. Soc. 
Nephrol. 16 (2005) 3365–3370. 

[122] S.A. Silver, G.M. Chertow, The economic consequences of acute kidney injury, Nephron 137 (2017) 297–301. 
[123] M.A. Berdugo, N.Y. Kirson, L. Zimmer, H. Beyhaghi, S. Toback, L.M. Scarpati, M.N. Stone, R. Dember, J. Tseng-Tham, J. Wen, M. Miller, Economic and clinical 

benefits of early identification of acute kidney injury using a urinary biomarker, J. Med. Econ. 22 (2019) 1281–1289. 
[124] E. Jacobsen, S. Sawhney, M. Brazzelli, L. Aucott, G. Scotland, M. Aceves-Martins, C. Robertson, M. Imamura, A. Poobalan, P. Manson, C. Kaye, D. Boyers, Cost- 

effectiveness and value of information analysis of NephroCheck and NGAL tests compared to standard care for the diagnosis of acute kidney injury, BMC 
Nephrol. 22 (2021) 399. 

[125] K. Suh, J.A. Kellum, S.L. Kane-Gill, A systematic review of cost-effectiveness analyses across the acute kidney injury landscape, Expert Rev. Pharmacoecon. 
Outcomes Res. 21 (4) (2021) 571–578. 

[126] Z. Li, H. Tie, R. Shi, J. Rossaint, A. Zarbock, Urinary [TIMP-2].[IGFBP7]-guided implementation of the KDIGO bundle to prevent acute kidney injury: a meta- 
analysis, Br. J. Anaesth. 128 (1) (2022) e24–e26. 

[127] J.M. El-Khoury, M.P. Hoenig, G.R.D. Jones, E.J. Lamb, C.R. Parikh, N.V. Tolan, F.P. Wilson, AACC guidance document on laboratory investigation of acute 
kidney injury, J. Appl. Lab Med. 6 (5) (2021) 1316–1337. 

[128] W.G. Miller, H.W. Kaufman, A.S. Levey, J.A. Straseski, K.W. Wilhelms, H.E. Yu, J.S. Klutts, L.H. Hilborne, G.L. Horowitz, J. Lieske, J.L. Ennis, J.L. Bowling, M. 
J. Lewis, E. Montgomery, J.A. Vassalotti, L.A. Inker, National kidney foundation laboratory engagement working group recommendations for implementing 
the CKD-EPI 2021 race-free equations for estimated glomerular filtration rate: Practical guidance for clinical laboratories, Clin. Chem. 68 (4) (2022) 511–520. 

F. Husain-Syed et al.                                                                                                                                                                                                  

http://refhub.elsevier.com/S2352-5517(22)00022-1/sref111
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref111
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref111
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref111
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref112
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref112
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref112
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref113
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref113
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref113
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref114
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref114
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref114
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref115
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref115
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref116
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref116
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref117
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref117
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref117
https://doi.org/10.1093/ndt/gfab263
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref119
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref119
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref120
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref120
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref120
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref121
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref121
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref122
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref123
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref123
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref124
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref124
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref124
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref125
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref125
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref126
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref126
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref127
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref127
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref128
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref128
http://refhub.elsevier.com/S2352-5517(22)00022-1/sref128

	Advances in laboratory detection of acute kidney injury
	Author contributions
	1 Introduction
	2 Epidemiology of acute kidney injury
	3 Limitations of the current acute kidney injury classification
	4 Proposed new definition of acute kidney injury
	5 Application of new acute kidney injury biomarkers
	5.1 Tissue inhibitor of metalloproteinase 2 and insulin-like growth factor-binding protein 7
	5.2 Neutrophil gelatinase-associated lipocalin
	5.3 Kidney injury molecule 1
	5.4 Liver-type fatty acid-binding protein
	5.5 C–C motif chemokine ligand 14
	5.6 Urinary dickkopf-3
	5.7 Cystatin C
	5.8 Proenkephalin A

	6 Biomarker panel
	7 Cost-effectiveness of using biomarkers to detect AKI
	8 Future research
	9 Conclusions
	Funding
	Declaration of competing interest
	Acknowledgments
	Abbreviations
	Appendix A Supplementary data
	References


