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ARTICLE INFO ABSTRACT

Keywords: Acute kidney injury (AKI) is common in hospitalized patients of all ages and is associated with
Acute kidney injury significant morbidity and mortality. Accurate prediction and early identification of AKI is of
Biomarkers

utmost importance because no therapy exists to mitigate AKI once it has occurred. Yet, serum
creatinine lacks adequate sensitivity and specificity, and quantification of urine output is chal-
lenging in incontinent children without indwelling bladder catheters. Integration of clinically
available biomarkers have the potential to delineate unique AKI phenotypes that could have
important prognostic and therapeutic implications. Plasma Cystatin C, urine neutrophil gelatinase
associated lipocalin (NGAL) and the urinary product of tissue inhibitor metalloproteinase (TIMP-
2) and insulin growth factor binding protein-7 (IGFBP7) are clinically available. These biomarkers
have been studied in heterogenous populations across the age spectrum and in a variety of clinical
settings for prediction of AKIL. The purpose of this review is to describe and discuss the clinically
available AKI biomarkers including how they have been used to delineate AKI phenotypes.

Precision medicine
Phenotype

1. Introduction

Acute kidney injury (AKI) is common in hospitalized patients of all ages and is associated with longer lengths of stay, increased
hospital costs, and mortality [1-4]. Patients that survive AKI are at higher risk of chronic kidney disease (CKD) and other adverse
outcomes including increased risk for infectious complications, cardiovascular dysfunction, and neurologic effects [5-8]. These sys-
temic effects of AKI are only starting to be understood. Timely and accurate prediction of AKI is of utmost importance because no
therapy exists to mitigate AKI once it has occurred, and most interventional trials for the prevention and/or treatment of AKI have
failed. Recent detailed reviews and meta-analyses discussing completed and ongoing clinical trials for AKI prevention and treatment
are beyond the scope of this review [9,10]. Herein, we seek to discuss clinically available AKI biomarkers and provide considerations
for integration into clinical care.

1.1. AKI definition challenges

One of the challenges with improving AKI diagnostic precision lies in the definition. Multiple AKI definitions exist, but in the last
decade, the Kidney Disease: Improving Global Outcomes (KDIGO) consensus AKI definition was published [11], including a neonatal
(age< 30 days) modification [12], all of which standardize fixed percentage increases in serum creatinine (SCr) and decreases in urine
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output for AKI staging. Defining AKI by fixed percentage increases in SCr has the potential to overestimate AKI in patients with very
low baseline SCr, which has been shown to dilute the detrimental clinical outcomes associated with AKI in adults and produce high
false positive rates in patients with chronic kidney disease (CKD) and low renal reserve [13]. SCr levels are also most reliable when
measured in steady state. Levels increase only after approximately 50% of nephrons are lost, making it a delayed marker of AKI.
Extending beyond SCr, it is nearly impossible to precisely quantify urine output in incontinent children and adults without an
indwelling catheter. The drawbacks of the current definition have led to the development of alternate definitions to better evaluate the
association of AKI with outcomes. Xu and colleagues recently developed the pediatric reference change value optimized criterion for
AKI in children (pROCK). This group used data from more than 150,000 children without AKI who had at least 2 SCr measures to
develop a model for detecting AKI based on the reference change value of SCr using age and initial SCr level. This modeling
demonstrated that a 20 pmol/L (0.23 mg/dL) or 30% increase from the initial SCr level [14] improved prediction of AKI in children,
compared to the other existing definitions that generally lead to overdiagnosis [14]. pROCK seeks to improve the specificity of AKI
diagnosis. However, given that SCr does not rise until 50% of kidney function is lost, a more sensitive definition allows early iden-
tification and monitoring whereas with a highly specific definition, the brief window in which to intervene might be lost.

1.2. Novel AKI biomarkers and delineating unique AKI phenotypes

Novel serum, plasma, and urinary AKI biomarkers have been discovered with the use of transcriptomic and proteomic technologies,
and they have garnered excitement, although their adoption into routine clinical care has been slow. The reason for this is multi-
factorial, including availability of testing platforms, cost, variability in assay techniques and results, and lack of approval from national
and international governance bodies. These challenges are discussed in further detail below.

Multiple AKI phenotypes exist, and more than one phenotype may exist within the same individual. AKI phenotypes may be defined
by the timing, onset, duration and severity of AKI as well as nuanced patient and disease characteristics, specific exposures, or even
response to specific medications. For example, quantification of urine output after an index dose of furosemide may yield actionable
information on the evolution of AKI before a patient meets either SCr or urine output criteria. This may allow for measures that reduce
AKI risk and alter AKI trajectory. Among adults with stage 1 and 2 AKI, 2-h urine output response to furosemide was able to predict
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Fig. 1. Refined Staging System for the Diagnosis of Acute Kidney Injury Patients with a biomarker. Biomarker (BM) integration into the
diagnosis of acute kidney injury (AKI). Biomarker positivity with or without increase or decrease in serum creatinine (sCr) level and not reaching
urine output (UO) criteria should be classified as stage 1S. Reassessment should be performed according to patient clinical context and temporal
trends. Patients reaching SCr and UO criteria with no increase on BM are defined as stage 1A, and those reaching SCr and UO criteria with increased
BM are reclassified as stage 1B. BM positivity should be based on its mechanism and defined threshold. Reprinted from Acute Disease Quality
Initiative 23 and used with permission [20].
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progression to stage 3 AKI within 14 days with excellent sensitivity and specificity [15]. Among children, urine output in response to
furosemide has been assessed after cardiac surgery [16,17], and in other critically ill states [18], where it was able to predict severe AKI
with reasonable performance. Integration of novel urinary biomarkers into algorithms with the furosemide stress test in adults
enhanced the prediction of subsequent AKI, which delineates a specific AKI phenotype in itself [19]. Whether a biomarker will
delineate unique AKI phenotypes in children when evaluated with response to furosemide is unknown. Furthermore, whether the
combination of testing will facilitate interventions need to be tested.

Combining an AKI biomarker with SCr or urine output was recently recommended by the 23rd Acute Disease Quality Initiative
(ADQI) consensus conference [20]. Delineation of patients into separate phenotypes based on a positive or negative biomarker, and
positive or negative SCr/urine output (Fig. 1) [20] may enhance diagnostic precision, allow us to prognosticate and allow for targeted
interventions. Separating patients by biomarker and SCr positivity was recently described by Stanski and colleagues in a cohort of
critically ill children [21]. They hypothesized that combining a novel urinary biomarker with SCr would delineate patients into 4
unique phenotypes based on pre-defined thresholds and would predict day 3 AKI severity. They found that biomarker combinations
were predictive of day 3 AKI and mortality [21]. Other approaches for better delineating AKI phenotypes were recommended by the
10th and 16th ADQI conference [22,23]. The group recommended that the timing and persistence of AKI also be considered to improve
diagnostic precision [22]. The remaining portion of this review will focus on 3 clinically available AKI biomarkers (Table 1) in the
context of delineating unique AKI phenotypes: 1) plasma and urine cystatin C, 2) urinary neutrophil gelatinase associated lipocalin
(NGAL) and 3) the urinary product of tissue inhibitor metalloproteinase-2 and insulin like growth factor binding protein-7 (TIM-
P-2*IGFBP7), marketed under the tradename Nephrocheck®.

2. Cystatin C
2.1. Structure and function

Cystatin C is a 13-kDa (kDa) cysteine proteinase inhibitor that is synthesized by all nucleated cells at a constant rate and consti-
tutively released into the bloodstream [24]. It is freely filtered (>99%) in the glomerulus, then reabsorbed and catabolized in the
proximal tubule. Because it does not undergo tubular secretion, it functions mainly as a marker of glomerular filtration [24,25]. Serum
cystatin C is integrated into standardized equations for the assessment of CKD in adults and children [26,27]. While measurement of
serum and plasma cystatin C has become more available in the United States for the assessment of CKD and AKI, there are several
important limitations that are worth mentioning. Cystatin C can be affected, although to a lesser degree than SCr, by demographic
factors (age, sex, race, and ethnicity), clinical factors (smoking status, hypertension, cholesterol levels, and elevated C-reactive protein,
thyroid disease), and medications (steroids) [28].

2.2. Urine cystatin C

In general, among individuals with healthy kidneys, cystatin C should not be detected in the urine. Its presence in the urine in-
dicates proximal tubular damage. Koyner and colleagues evaluated the utility of urine cystatin C for prediction of AKI among adults

Table 1
Summary of biomarkers.
Specimen Biomarker Intended Use Recommended Cut-off Limitations
Type
Creatinine Serum Functional —Diagnosis of AKI and CKD Per KDIGO criteria, >0.3 mg/dL Affected by age, race, muscle mass,
increase in 48 h or >1.5x increase fluid status, medications.
from baseline in 7 days Rises 24-48 h after injury and only
after >50% nephrons are lost/injured.
Cystatin C Plasma (or Functional Used for estimation of GFR and No universally accepted cut-offs for Levels may be different in different age
serum) medication dose adjustments in CKD, as used in eGFR estimating ~ groups. Lower accuracy in

pediatric and adult patients. equations; in pediatric patients hypermetabolic states such as
Has been used for AKI prediction in post-CPB, maximum sens/spec for ~malignancy, uncontrolled thyroid
small cohorts. 12-hr AKI prediction was 1.16 mg/ disease, with steroid use. Higher CRP,
In large adult cohorts can predict L WBC, lower serum albumin associated
worse outcomes. with higher levels.

TIMP-2*IGFBP7 Urine Stress In conjunction with clinical >0.3 for high sensitivity, Per package insert, should not be used
evaluation, in ICU patients 21+ acceptable specificity; not official, as a standalone test.
years with acute cardiovascular/ but >2.0 for high specificity Interference with urine albumin >125
respiratory compromise in the past according to research studies mg/dL, invalidation if > 3000 mg/dL,
24 h, as an aid for risk assessment less accurate in patients with
for moderate/severe AKI within hyperbilirubinemia
12hrs of assessment.

NGAL Urine Damage AKI prediction in high-risk patients. No FDA-approved assay, levels will False elevations in sepsis, malignancy,

Future delineation of “subclinical ~ vary by lab. >150 ng/mL has high COPD exacerbations, and especially
AKI” or a cohort of patients with sensitivity. >580 ng/mL has high  with leukocyturia. Levels impacted by
normal SCr but at risk of worse specificity in a large adult meta- hyperbilirubinemia.

clinical outcomes. analysis.
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undergoing cardiac surgery [29]. They compared the performance of urine and plasma cystatin C for AKI prediction. While urine
cystatin C increased in all patients, the magnitude of increase was greater for increasing severity of AKL. In this study, plasma cystatin C
was not useful for prediction of AKI within the first 6 h following surgery. In a separate study from the “Translational Research
Investigating Biomarker Endpoints in AKI” study (TRIBE-AKI), urine cystatin C was evaluated for predicting AKI in 1200 adults and
299 children within 12 h of cardiac surgery. Urine cystatin C, when measured early in the postoperative course correlated with mild
and severe cases of AKI in the entire cohort, but after covariate adjustment, the effect was attenuated, and the performance of urine
cystatin C was no better than the clinical model [30]. In other clinical settings, the performance of urine cystatin C has also been
variable thus limiting its use as a true predictor of AKI [31-34]. It has been postulated that urine cystatin C performance in cardiac
surgery outperforms other clinical states as it relates to the timing of injury. Furthermore, its role in tubular dysfunction may be better
suited for a protracted courses of AKI where presentation from the inciting event, including exposure to nephrotoxins, may be delayed.
Thus, urine cystatin C may allow identification of discrete AKI phenotypes related to the timing and persistence of injury, but further
investigation is needed.

2.3. Blood cystatin C

The TRIBE-AKI collaborative also evaluated the performance of serum cystatin C for detection of AKI compared to SCr [30]. Serum
cystatin C was overall less sensitive than SCr, and time to AKI detection also occurred earlier with SCr than cystatin C. When predefined
thresholds of both markers were used, there was no difference between markers for predicting the timing of AKI onset. In this same
study, phenotypic patterns of both cystatin C and SCr were assessed using pre-defined thresholds in a 2 x 2 table similar to that shown
in Fig. 1. Patients with both cystatin C and SCr elevation incurred the greatest morbidity and mortality compared to elevation of either
alone.

In children, Hassinger and colleagues demonstrated that serum cystatin C was predictive of AKI severity as early as 8 h after cardiac
surgery. Interestingly, this group measured cystatin C during surgery, where concentrations were reduced after ultrafiltration sug-
gesting that mechanical ultrafiltration resulted in removal of this protein [35]. This is relevant because it could impact the rate of
change postoperatively and vary based on the degree of ultrafiltration used. Unfortunately, there is no standardized approach to
ultrafiltration during cardiopulmonary bypass, which makes interpretation of cystatin C for AKI prediction in cardiac surgery difficult.

Given the dynamic process of AKI and its progression, biomarker integration may delineate patterns of recovery, which may have
management and prognostic implications, including resource utilization. Gharaibeh and colleagues evaluated whether serum cystatin
C could provide clinical guidance on AKI recovery in a cohort of adult patients with non-oliguric AKI [36]. Serum cystatin C declined
before SCr in 68% of the population and was more likely to decline in those with a lower baseline SCr. Although extensive data is not
shown, the authors compared kinetic glomerular filtration rate (KeGFR) to cystatin C. The addition of cystatin C to KeGFR for recovery
was beneficial, although the biggest challenge for integration into routine care is the cumbersome calculation of KeGFR. This study
evaluating cystatin C for AKI recovery was very small, and it is unknown whether the findings will be replicated in a larger cohort with
substantial disease heterogeneity.

In other critically ill patients, serial assessments of cystatin C have been used to assess for sustained AKI defined as lasting at least
24 hin a general intensive care unit (ICU) population [37]. Cystatin C may also add value in predicting persistent AKI in the context of
nephrotoxic medication exposures [38]. Unfortunately, these studies are small and need larger scale validation before clinical inte-
gration can occur. In the emergency department, Soto and colleagues evaluated the performance of both urine and blood cystatin C for
predicting AKI and adjudicating SCr elevation as functional loss (pre-renal AKI) or related to tubular damage. Both serum cystatin C
and SCr were able to discriminate AKI, but only cystatin C was predictive of AKI. Cystatin C was able to differentiate between pre-renal
AKI and true tubular damage, but similar to SCr, was not able to discriminate between AKI and CKD. Indeed, additional biomarkers are
needed to improve the specificity of community acquired AKI [39].

2.4. Limitations of cystatin C

Despite the robust data on cystatin C and the fact that it is approved for use by the food and drug administration (FDA), it has not
fully been integrated into routine care in the inpatient setting or in the community. This likely stems from several factors: 1) despite the
standardization of 2 assays, there continues to be significant discordance with as much as 20% bias reported in 2 studies [40,41], 2) the
impact of demographic and clinical factors in quantification and interpretation, and 3) the varying cutoff values across age and clinical
setting. Given the substantial heterogeneity of testing and results, the American Association of Clinical Chemistry (AACC), in their
recent guidance document report of Laboratory Investigation of AKI did not recommend the measurement of cystatin C due to poor
standardization, general lack of availability, and high cost [42].

3. TIMP-2*IGFBP7 (Nephrocheck®)
3.1. Structure and function

TIMP-2 and IGFBP7 are proteins expressed and secreted by renal tubular cells during cell stress or injury [43]. As with most
cellular/tissue injury processes, it is believed there is a “pre-injury” timepoint when insult occurs prior to permanent damage and cell

loss. In the heart, this is the difference between ischemia and infarct. In the kidney, this pre-injury phase has been termed “acute kidney
stress,” [44] and these two cell cycle arrest biomarkers provide mechanistic plausibility for this concept. IGFBP7 directly increases
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expression of p53 and p21, and TIMP-2 stimulates p27 expression. These p proteins block cyclin-dependent protein kinase complexes
responsible for cell cycle promotion, inducing G1 cell cycle arrest. Physiologically, this arrest is beneficial, allowing cells to repair DNA
damage and regain function prior to replication; however, if sustained, cell cycle arrest will lead to fibrosis, increasing risk not only for
AKI but also for later CKD [45,46]. Thus, these markers indicate that renal stress is occurring and needs to be ameliorated.

3.2. Current clinical uses

Urine TIMP-2*IGFBP7 received FDA and Europe, Middle East and Africa (EMEA) approval for the prediction of severe stage 2 or 3
AKI within 12 h of testing in critically ill patients >21 years with cardiac or respiratory failure under the tradename Nephrocheck.® It
is measured on a stand-alone Astute 140 m that requires 1 mL of urine (although the package insert suggests that at least 10 mL be
obtained). A high sensitivity/high negative predictive (NPV) value (>0.3 (ng/mL)2/1000) and a high specificity/high positive pre-
dictive value (>2 (ng/mL)z/ 1000) cutoff were derived for stratification of patients at risk for imminent severe AKI from the Sapphire
study [47], where the sensitivity and NPV at the 0.3 (ng/mL)z/IOOO cutoff was 89% and 97% respectively. For the 2 (ng/mL)2/1 000
cutoff, the specificity was 95% and the PPV 49%. These values were subsequently validated in the Opal and Topaz studies [48,49].

The biggest application to date has been using these biomarkers to define an at-risk population that may respond to neph-
roprotective interventions. “Biomarker-guided Intervention to Prevent AKI After Major Surgery” (BigPAK) was a single-center ran-
domized controlled trial (RCT) that sought to reduce postoperative AKI in adults after major noncardiac surgery using a biomarker-
triggered KDIGO care bundle [50]. Patients were randomized to usual care or the care bundle if urine TIMP-2*IGFBP7 levels excee-
ded 0.3 (ng/mL)Z/ 1000. AKI incidence decreased from 48% to 27% from this intervention [50]. Another single center RCT, “Pre-
vention of cardiac surgery-associated AKI by Implementing the KDIGO Guidelines in high risk patients identified by biomarkers”
(PrevAKI) study randomized adult cardiac surgery patients with a urine TIMP-2*IGFBP7 level >0.3 (ng/mL)2/1000 at 4 h after cardiac
surgery to usual care or a KDIGO care bundle [51]. While there was a substantial reduction in AKI incidence in the intervention group,
there was no difference in AKI-associated outcomes such as mortality and length of stay [51]. Similarly, a subsequent multicenter
version of PrevAKI demonstrated a reduction in moderate to severe AKI in the intervention group without effect on other secondary
outcomes [52].

Several studies have been performed in children, all in the post cardiac surgery population [53,54]. The findings are similarly
heterogenous with regards to their findings and identification of cutoff points, thus making standardization and incorporation into
pediatric AKI prediction in the clinical setting very challenging [53,55-58]. In their recent guidance document, the AACC stated that
before TIMP-2*IGFBP7 can be recommended in children, age specific reference intervals are needed [42]. Data on the performance of
TIMP-2*IGFBP7 in patients outside the ICU or outside the cardiac surgery setting are limited. TIMP-2*IGFBP7 has been assessed in the
emergency department for subsequent AKI prediction, reflecting community acquired AKI. In a study by Kimmel and colleagues,
TIMP-2*IGFBP2 and SCr had statistically significant (P < 0.05) odds ratios for the development of AKI as the end point in a multi-
variable model [59]. Addition of TIMP-2*IGFBP7 to a clinical model significantly improved area under the receiver-operating char-
acteristic curve from 0.67 (95% CI, 0.61 to 0.78) to 0.77 (95% CI, 0.72 to 0.86) (P < 0.001). Yang and colleagues reported similar
findings in a multicenter international study, that integration of TIMP-2*IGFBP7 with the Emergency department score improved AKI
prediction [60]. TIMP-2*IGFBP7 has not been studied in the outpatient setting in patients at risk for AKI.

3.3. Phenotypic characterization using TIMP-2*IGFBP7

TIMP-2*IGFBP7 has been studied in the context of disease-specific phenotypes rather than the onset, timing, and duration of AKI. In
a secondary analysis of the “Protocol-based Care for Early Septic Shock™ (ProCESS trial), TIMP-2*IGFBP7 was able to delineate patients
with sepsis who had differing risks for AKI progression after initial fluid resuscitation [61]. Another study evaluated the role of
TIMP-2*IGFBP7 for predicting AKI in patients exposed to platinum-based chemotherapy [62], but unfortunately, these findings were
not replicated in similar study by another group [63].

Daubin and colleagues studied the performance of TIMP-2*IGFBP7 to differentiate transient (<5 days) from persistent (>5 days)
AKI in critically ill adults admitted to a medical ICU [64]. They compared the difference between the 4 h and initial measurement and
the delta between the 12- and 24-h measurements as well as creatinine AKI persistence. The investigators found that the “Nephrocheck
score” decreased in the first 12 h in patients with transient AKI and increased or stayed the same in those with persistent AKI. While the
delta was higher at the assessed time points for transient AKI, this difference did not meet statistical significance in differentiating
transient from persistent AKI. Additional studies investigating the value of serial measurements in adults and children for delineating
the AKI phenotype are needed. Further studies are also needed to identify whether TIMP-2*IGFBP7 combined with other biomarkers or
clinical risk tools enhance clinical decision making, including decisions on when to start kidney replacement therapy as an example.

3.4. Limitations of TIMP-2*IGFBP7

While some studies support the findings from these derivation and validation studies, unfortunately, other studies have found
negative results, including the contribution of comorbidities such as diabetes that attenuated the effect of the biomarker performance
on AKI prediction [65]. In addition, while some studies have found an association between TIMP-2*IGFBP7 biomarker elevation and
AKI, cutoff points are inconsistent, making this biomarker nearly impossible to integrate into the clinical space as clinicians would need
to be familiar with interpreting the test in the context of the underlying disease state. Specifically, although the association between
diabetes and poor biomarker performance is strong, there isn’t a well understood mechanism for this, apart from the interference seen
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with albuminuria (PMID 25866432). The package insert states that urine albumin concentrations >125 mg/dL interferes with the
results, while concentrations >3 g/dL invalidate them. Given that albuminuria is present commonly not only in diabetic renal injury
but in CKD of many etiologies, these biomarkers should be interpreted with caution in the setting of AKI on CKD. Urinary bilirubin also
interferes with these results at concentrations >7.2 mg/dL (NEPHROCHECK package insert). For these reasons, the American Asso-
ciation for Clinical Chemistry (AACC) and the National Institute for Health and Care Excellence (NICE) have both published guidance
documents that do not support its routine use because of lack of evidence on outcomes in these groups [42], NICE guidelines.

4. NGAL
4.1. Structure and function

NGAL is a protein that was originally identified in activated neutrophils. There are at least 3 different types in blood and urine: a
monomeric 25 kDa form, produced by neutrophils and epithelial tissues; a homodimeric 45 kDa form produced by neutrophils; and a
heterodimeric 135 kDa form covalently conjugated with gelatinase (MMP-9) and specific to neutrophils and tubular cells [20,66]. The
monomeric form of NGAL is secreted by kidney epithelial cells during times of stress [67]. NGAL is constitutively expressed in multiple
cells at a low rate, filtered in the glomerulus, and reabsorbed in the proximal convoluted tubule, leaving little in the urine in healthy
individuals [68]. Kidney, liver, and other epithelial cells increase expression and production of NGAL in response to inflammation,
infection, intoxication, ischemia, AKI, and neoplastic transformation [69]. The liver plays a critical role in NGAL production, as mice
with hepatocyte-specific NGAL deletion and ischemic AKI had lower hepatic NGAL mRNA as well as lower plasma and urine NGAL.
This effect is thought to be mediated by interleukin-6 (IL-6), which is increased in the plasma 2 h after an AKI event [70]. NGAL is also
upregulated in the thick ascending limb of the loop of Henle, distal convoluted tubule, and collecting duct following injury, thus
oftentimes referred to as a “damage biomarker,” but this upregulation may be because of potential nephroprotective effects. NGAL
binds bacterial siderophores, acting as a potent bacteriostatic and antioxidant agent in iron-limiting conditions [71], and it may also
promote mesenchymal progenitor differentiation during kidney development [67]. Thus, high NGAL levels in AKI can be from both
increased renal and extra-renal expression and decreased tubular reabsorption [70].

4.2. Current clinical use

NGAL can be measured in blood and urine by Western blot, enzyme-linked immunosorbent assay, and standardized clinical
platforms that use a chemiluminescent microparticle immunoassay with a noncompetitive 2-antianalyte antibody sandwich [72]. The
3 different NGAL forms mentioned above expose different epitopes, so the configuration of antibodies will impact the assay’s clinical
performance [67], and these tests likely measure a mixture of the forms, further decreasing their specificity for AKI [67]. Cullen et al.
established a reference interval for urine NGAL of 107 pg/L, as the 95th percentile of a large healthy adult population that excluded
CKD patients [73]. However, more utility will come from a higher cut-off producing greater specificity: a large meta-analysis involving
over 13,000 patients from various locations (emergency department, cardiac surgery, ICU) found an urine NGAL >580 and > 589 to
have 95% specificity for severe AKI and AKI requiring dialysis [74]. There is no FDA approved NGAL assay, and the research assays
vary between companies and are not standardized. Therefore, each laboratory will need to establish its own cutoff. Most pediatric
institutions that have implemented urine NGAL into clinical care are using the BioPorto Diagnostics assay (Hellrup, Denmark) which
requires 1 mL of urine with no special handling; their cutoffs are summarized in Table 2 [75].

NGAL has been evaluated in hundreds of studies across heterogenous cohorts of adults and children and disease types. One of the
first large studies took place in the pediatric cardiac surgery population. NGAL predicted AKI on multivariable analysis with an AUC-
ROC of 0.998, increasing just 2 h after CPB initiation and rising nearly 100-fold up to 48 h before AKI was detected by serum creatinine
[76]. In 2011, NGAL outperformed other candidate biomarkers including interleukin-18, liver fatty acid binding protein (L-FABP) and
kidney injury molecule-1 for AKI prediction, and the 2 and 6 h NGAL level improved the AUC from 0.74 to 0.85 and 0.72 to 0.91 in
comparison to a clinical model on multivariable logistic regression [77]. The TRIBE-AKI consortium also found the highest quintile of
urine NGAL levels associated with a >4x higher odds of AKI compared with the lowest quintiles in children post-cardiac surgery [78].

4.3. Using urine NGAL to phenotype and risk stratify

Similar to the other biomarkers, NGAL has been used to improve diagnostic precision through enhanced risk stratification and
phenotyping. Varnell and colleagues recently described a series of cases in which urine NGAL was used for prediction of tubular injury

Table 2
NGAL Cutoff values.
Urine NGAL Level (ng/mL) AKI risk Interpretation
<50 Low Does not exclude subsequent AKI development
Repeat if indicated
50-149 Equivocal Repeat measures if indicated
150-300 Moderate High sensitivity/moderate specificity
>300 High High specificity



pmid:25866432

D. Hasson et al. Practical Laboratory Medicine 30 (2022) e00272

and anuria, prediction of tubular recovery and urine production, prediction of response to therapy (theragnosis), renal function re-
covery in the setting of extracorporeal kidney support therapy, and clinical decision support (management) [75]. Each of the cases
described in this report enrich the AKI phenotype using serial monitoring of NGAL in a dynamic real time process that added to clinical
care.

Basu and colleagues evaluated the performance of cystatin C in combination with a tubular damage biomarker (NGAL) to predict
SCr based discrete outcomes. In this study, positivity of both biomarkers was predictive of AKI severity and AKI persistence. Addi-
tionally, those who only had elevation of cystatin C but not NGAL experienced transient AKI [21]. Stanski and colleagues utilized the 2
x 2 table for delineating unique AKI phenotypes based on SCr and NGAL elevation for predicting AKI severity on hospital day 3. In this
study, the only patients to have all stage day 3 AKI and mortality were those who were NGAL+. The authors concluded that unique
biomarker combinations may enable a more personalized approach to the management of AKI, although this needs prospective testing.

NGAL has also been combined with risk tools. The concept of renal angina was proposed to optimize pre-test probability by
combining patient risk factors and early signs of kidney injury (fluid overload and changes in creatinine) for prediction of severe (stage
2 or 3) ICU Day 3 AKI [79]. The RAI is assessed 12 h after ICU admission, and on initial assessment performed well, with high
sensitivity and negative predictive value [79]. These results were recapitulated in the prospective, multi-national “Assessment of
Worldwide AKI, Renal Angina, and Epidemiology” (AWARE) study that included 1590 patients across 32 sites. In this study, the RAI
outperformed serum creatinine elevation, with an almost 5x increased odds of predicting day 3 severe AKI after multivariate regression
[80]. In a single center study, incorporation of urine NGAL into the RAI improved the AUC-ROC for severe ICU Day 3 AKI from 0.8 to
0.97, making it a nearly perfect test [81]. Others have modified the RAI for use in the acute care setting [82]. Patients who were acute
RAI positive and NGAL positive had a 60% greater probability of developing inpatient AKI. Modifications and calibrations to the RAI
for other cohorts including sepsis [83] and cardiac surgery [84] have recently been reported. Whether NGAL integration improves risk
stratification is unknown.

In recent years, the Nephrotoxic Injury Negated by Just-In-Time Action (NINJA) program, a multicenter, quality improvement
initiative aimed at reducing nephrotoxic medication-associated AKI through daily systematic medication surveillance and creatinine
monitoring, has demonstrated sustained reductions in nephrotoxic medication exposures and AKI in both pediatric and neonatal
populations [85,86]. One of the limitations of this program is daily measurement of serum creatinine which requires a blood draw.
Goldstein and colleagues recently reported on the utility of daily urine NGAL monitoring in nephrotoxin-exposed children [87]. In this
2-center study, the authors hypothesized that daily urine NGAL could be used to screen for AKI in patients exposed to nephrotoxins and
that previous cutoffs predictive of AKI in other populations would be highly specific to detect severe, persistent AKI (stage 2/3 AKI that
lasts more than 2 days). At the standard threshold of 150 ng/mL, the specificity and negative predictive values were 92% and 93%,
respectively, demonstrating that NGAL could be used to rule out the development of almost every severe AKI episode. In the study, the
authors estimated that 204 venipunctures and creatinine measures were saved in 113 patients by obtaining daily urine NGAL and every
other day creatinine samples. This improves the utility of incorporating NGAL in patient care, as long as there is reasonable pre-test
probability [87].

In the ongoing clinical trial “Use of NGAL for Fluid Dosing and CRRT Initiation in Pediatric AKI” (Taking FOCUS 2, NCT03541785),
clinical decision support tools and biomarkers are integrated into a standardized care pathway to guide management of patients at high
risk for AKI. There are several care pathways based on risk stratification using the RAI, NGAL, and response to furosemide. RAI >8 12 h
after ICU admission results in an automated NGAL measurement. Elevated NGAL >500 ng/mL places patients into bundles targeting
fluid restriction and early fluid removal. With NGAL concentrations between 150 and 500 ng/mL, response to furosemide is evaluated
and there is further delineation into specific care pathways targeting fluid management and potentially even early initiation of kidney
replacement therapy. The results of this study are forthcoming and have the potential to change the way we manage critically ill
children with real time integrated clinical decision support tools.

Urine NGAL expression occurs within 2-4 h of injury and peaks at 6-12 h, which is advantageous when the timing of an insult is
known but makes levels difficult to interpret when it isn’t. This limitation may possibly be overcome by comparing percent change in
urine NGAL or in trending levels over time. Slagle and colleagues found a nearly 200% increase from pre-to post-operative urine NGAL
levels in neonates who developed AKI after abdominal/thoracic surgeries compared to a <1% increase in those who did not [88]. In a
small study of adults with AKI, every other day urine NGAL analysis through day 8 of AKI could independently predict recovery from
AKI. These studies highlight other ways to integrate urine biomarkers, specifically NGAL, into clinical care. The obvious limitation to
trending any urinary biomarker is that the sickest patients, those who are most likely to benefit from the prognostic information
afforded by these tests, often are or become anuric.

4.4. Limitations of NGAL

As with the other 2 biomarkers, NGAL also has limitations, specifically with poor sensitivity and moderate diagnostic accuracy [74,
89]. As stated previously, IL-6 alone can increase both plasma and urine NGAL without AKI, thus making it less specific during any
inflammatory process [70]. Leukocyturia will increase urine NGAL compared to controls and thus should not be used when patients
have urinary tract infections [73,90]. Even in the CPB population, extracorporeal circuit time alone can positively correlate with NGAL
levels [91]. Similar to other tests, its measure is also impacted by elevated bilirubin. In a study in neonates, urine NGAL by
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enzyme-linked immunosorbent assay was higher in severe hyperbilirubinemia (cut-off 1.36 pg/L) compared to mild/moderate ranges
of bilirubin [92].

Finally, NGAL is not FDA approved for use in the United States. Most centers that are able to measure NGAL have validated it
through laboratory developed tests, and thus analytic performance specifications are established by the clinical laboratory itself. At the
time of writing this, the “Establishment of the BioPorto Diagnostics NGAL Test Clinical Cut-off Value for Risk Assessment of Moderate
to Severe Acute Kidney Injury in a Pediatric Population” (EARNEST) study for NGAL prediction of day 3 AKI in critically ill children is
complete and the “NGAL Usage In Determining AKI Risk in Critically Il Children” (GUIDANCE) study, that will validate the cutoff, is
underway. Both EARNEST and GUIDANCE are being used for a future FDA submission.

5. Conclusions

In summary, differentiating AKI phenotypes using combination biomarkers may improve performance for predicting adverse
outcomes. However, there needs to be better understanding of the AKI phenotypes as they are likely to each have important prognostic
and therapeutic implications. The differing outcomes dependent on the elevation of functional and/or damage markers needs addi-
tional investigation before integration into routine clinical care can occur. Furthermore, delineation of these phenotypes may only be
helpful when the course of AKI and its adverse outcomes can be modified. Future trials evaluating novel therapeutics should focus on
incorporating risk stratification tools with biomarkers.
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