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Summary

Acute kidney injury (AKI) is a frequent complication in hospitalised patients and is di-
agnosed by urinary output and serum creatinine. Serum creatinine is an indirect marker
for renal glomerular filtration, but lacks specificity for damage to kidney tissue and the
relatively late response to injury precludes early recognition of AKI. Timely diagnosis of
kidney injury using biomarkers that provide information about the aetiology of kidney
injury is an unmet clinical need. To overcome the suboptimal performance of serum
creatinine, injury biomarkers have been proposed that predict AKI in diverse clinical
settings. The clinical performance of these markers is considered moderate due to the
lack of specificity for kidney tissue or the underlying injury mechanisms, poor test spe-
cificity and confounding by interventions or comorbidities. Hence, it is not unequivo-
cally beneficial to implement current kidney injury biomarkers in the clinical laboratory
for diagnostic purposes. In this article we review biomarkers that might fulfil AKl-related
unmet clinical needs in the academic hospital setting.



Introduction

Timely diagnosis of kidney injury is an unmet clinical need

AKlis a frequent clinical complication that contributes significantly to patient morbidity
and mortality in the hospitalised population1 Up to 20-30% of patients who undergo
elective cardiac surgery develop AKI within two days of intervention.[2,3] About 5-6%
of all critically ill patients admitted to an intensive care unit (ICU) develop AKL[1,4] Par-
ticularly, AKl is diagnosed in 40-50% of the septic patients at the ICU.[4,5] In a tertiary
care centre, AKI occurs in various clinical settings as patients are generally exposed to
multiple risk factors for development of AKI, such as nephrotoxic drugs and/or major
surgery.[6] Therefore, in our tertiary care setting (with expertise in oncology, cardio-tho-
racic surgery and organ transplantation) timely diagnosis of AKl is of special interest.

Clinically, AKI is recognised by reduced urine output (e.g. urine output <0.5 mL/kg/h
for 6 h) and an increase in serum creatinine values (e.g. increase >26.5 ymol/L within
48 h).[7] Early diagnosis of hospital-acquired AKI is of significance because sustained
injury may result in irreversible loss of function and/or chronic kidney disease (CKD)
with the risk of end-stage renal disease (ESRD) and need of renal replacement therapy
(RRT) (either dialysis or kidney transplantation).[8]

In contrast to serum creatinine, urinary kidney injury markers may provide insight in the
location, severity and aetiology of injury.[9] Several biomarkers for kidney injury have
been evaluated in clinical trials in past years, such as kidney injury molecule-1 (KIM-1),
neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18 (IL-18), liver-type fatty
acid-binding protein (L-FABP), N-acetyl-B-D-glucosaminidase (NAG), tissue inhibitor
of metalloproteinase-2 (TIMP-2) and insulin-like growth factor-binding protein 7 (IGF-
BP7). These markers have been proposed as promising predictors of AKI occurrence to
overcome the delayed response of serum creatinine. In addition, in the clinical setting,
sequential monitoring of injury markers may help to identify patients with hospital-ac-
quired AKI in order to prevent further or irreversible kidney damage.

As demonstrated in the conceptual Figure 1, an ideal biomarker recognises molecu-
lar alterations and early kidney injury during ageing. Theoretically, genetic screening
would provide a measure of susceptibility for developing kidney injury and disease,
while molecular alterations revealed in proteomic or metabolomic studies may have
the capability to recognise early damage and provide insight in the pathophysiology
of early stage kidney disease. Together, this would allow for biology-driven precision
diagnostics, which is a paradigm shift compared to the currently practiced traditional
medicine, based on average patient populations.



A perfect medical test for kidney injury combines high clinical sensitivity with speci-
ficity in detecting kidney injury while discriminating kidney injury from other clinical
conditions that affect urinary output. In addition, the biomarkers kinetics in urine and
the timing of biomarker testing should fit its intended use. Ideally, biomarker concen-
trations follow the clinical course of the patient, in a concentration-response manner,
enabling non-invasive patient monitoring of kidney injury. For biomarker application in
an academic hospital, a medical test should have additional value in clinical decision
making aiming to improve patient outcome. Biomarker testing should also be feasible
and affordable in medical laboratories of care centres. For test implementation into the
medical laboratory, the test needs to be compliant with clinical chemistry standards,
such as ISO15189:2012. The Test Evaluation Working Group of the European Federation
of Clinical Chemistry and Laboratory Medicine (EFLM) has presented a framework for
guidance in test evaluation, taking into account the proposed purpose and role of a test
in care pathways.[10,11]
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Figure 1. Conceptual illustration of precision diagnostics and traditional diagnostics in recognition of kid-
ney injury and disease. Individuals may have genetic susceptibility for kidney injury development during life.
Molecular alterations may occur during aging and in response to interventions and these may be recognized
by molecular profiling via omics (e.g. metabolomics, peptidomics and proteomics). Precision diagnostics
includes the early and precise recognition of genetic susceptibility and molecular alterations. Traditional di-
agnostics typically recognizes late stage kidney damage and decreased kidney function through functional
markers, such as serum creatinine, cystatin C and eGFR.

20



To date, AKI biomarker research has been focused on biomarker assessment for pre-
diction of AKI in specific patient populations in clinical studies. Less attention has been
paid to the clinical utility of AKI biomarkers in the setting of an academic hospital. In this
non-exhaustive review, we describe the pathophysiology of AKI, biological characteris-
tics of most clinically assessed AKI biomarkers[12] and requirements for kidney injury
biomarker implementation in the clinical laboratory. We focus only on AKI biomarkers
present in easily accessible urine. Several reviews cover the multifactorial pathophys-
iology of AKI,[13-15] so only the major concepts are summarised here to allow under-
standing of the role of potential biomarkers in AKI. Although it has our interest, investi-
gation of the response of different biomarkers in different AKI aetiologies is beyond the
scope of this review. For scientific literature collection, MEDLINE was searched using
PubMed up to October 2018. Systematic evaluation and meta-analysis of the clinical
performance of urine AKI biomarkers is beyond the scope of this review and can be
found elsewhere. [16-23]

CAUSES OF ACUTE KIDNEY INJURY
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Figure 2. Clinical paradigm of Acute Kidney Injury (AKI) with pre-renal, renal or post-renal causes. AKI
with a pre-renal cause, due to altered effective circulating volume, such as bleeding, dehydration and/or
heart failure leading to reduced renal perfusion, is most prevalent in the hospitalized setting. AKI with renal
origin may be a result from damage to glomerular, tubular, interstitial or vascular nephron compartments.
Reduced urinary output in AKI may be caused by post-renal events such as obstruction of the urinary tract

by an enlarged prostate, bilateral kidney stones or encasement by malignancy.



Pathophysiology of kidney injury

Aetiology

AKl is a clinical syndrome characterised by a rapid decline in kidney function that can
have pre-renal, renal and post-renal causes (Figure 2). Commonly, AKl is induced by
a change in systemic blood flow resulting in reduced kidney perfusion and glomerular
filtration rate. [24] Typical conditions that result in altered renal perfusion are sepsis
syndrome, exposure to vasoconstrictive agents or nephrotoxic agents or procedure-re-
lated ischaemia and reperfusion. Rapid kidney function decline may initially be caused
by haemodynamic changes, but kidney function can be restored by feedback via the
renin-angiotensin system (RAS). In physiological conditions RAS regulates blood flow,
however, abrupt and prolonged disruption of renal perfusion results in ischaemic con-
ditions and AKI with or without structural tissue damage. [24] Alternatively, direct injury
to renal cells may be caused by inflammation or cytotoxicity. Here, we first address
alterations in renal perfusion, followed by AKI caused by direct cellular injury.

Sepsis is the most prevalent cause of AKI as it occurs in almost half of the patients ad-
mitted to the ICU. [4] Compared to septic patients without kidney complications, those
with AKI experience have longer duration of hospitalisation and a higher mortality rate.
[5] Greater abnormalities in haemodynamic parameters, such as mean heart rates and
central venous pressure can be observed in patients with AKI. [5] While the haemody-
namic alterations dominate AKI in sepsis, inflammatory mechanisms are also involved
in sepsis-induced AKI. [25] In sepsis, leukocytes pass the glomerulus, release pro-in-
flammatory cytokines and may contribute to renal tubular epithelial cell injury. [26] AKI
as a complication after elective cardiac surgery is associated with low-flow and low
pressure non-pulsatile perfusion, often resulting in renal hypoperfusion. The cardio-pul-
monary bypass time and cross-clamp time during surgery, which can be considered as
ischaemia time, are valuable parameters associated with AKI. [27,28] Likewise, once
blood flow is restored after surgery, reperfusion injury may occur. [24] During ischae-
mia/reperfusion injury (IRI), cellular processes including inflammation and oxidative
stress may contribute to the development of AKI. [24]

Hospital acquired AKI can also be induced by medication or diagnostic agents, espe-
cially when agents are administered in a higher dose and intravenously. Medication
may have direct cytotoxic effects on renal cells but may also affect renal perfusion. For
example, renal perfusion can be reduced by afferent vasodilation by non-steroidal an-
ti-inflammatory drugs (NSAIDs). Particularly in critical haemodynamic conditions and/
or in combination with angiotensin-converting-enzyme inhibitors (ACEi) that impair
efferent vasoconstriction, renal perfusion can be strongly reduced. [29]

22



Other examples are the calcineurin inhibitors tacrolimus and cyclosporine, which are
widely prescribed immunosuppressive agents for patients with a kidney allograft. Calci-
neurin inhibitors induce vasoconstriction by stimulation of the RAS and increase blood
pressure in a dose-response dependent manner. [30,31] Although calcineurin inhibitors
initially induce functional changes with reversible nephrotoxicity,[32] long-term ex-
posure results in permanent nephron damage. [33-35]

Besides the effects through alterations in renal perfusion, medication may also have
direct cytotoxic effects on renal cells. For example, chemotherapy including cisplatin
administered by infusion typically results in rapid kidney function decline. Cisplatin is
primarily cleared by the kidneys resulting in relatively toxic concentrations in the proxi-
mal tubular epithelial cells. [36] The cellular uptake of cisplatin is facilitated by the pre-
sence of kidney-specific organic cation transporters (OCTs)[37] that secrete cationic
drugs in the epithelial lining of the proximal tubules, causing DNA damage resulting
in apoptosis or necrosis. [36] Other nephrotoxic agents with direct toxic effects are for
example aminoglycoside antibiotics, such as streptomycin and gentamicin. Aminogly-
cosides are partially cleared by the kidneys, accumulate in the tubules and induce cell
death by both apoptosis and necrosis of tubular epithelial cells. [38,39]

Biological pathways in kidney injury

There is ample literature describing molecular biological pathways involved in the onset
and progression of kidney injury, [1314,40-42] however, because of the multi-factorial
nature of the disease, the molecular changes in the cell that occur during kidney injury
are not completely understood. Typically, however, cellular stress is caused either by
sepsis, ischaemia or cellular toxicity in the proximal tubular cells, the tubular cells of
Henle's loop or the distal tubular cells. Proximal tubule cells have a high metabolic rate
and as such require large amounts of oxygen for the production of ATP. [13] It is sug-
gested that the altered renal perfusion results in decreased renal ATP concentrations,
which in turn results in cellular stress and loss of structure. Irreversible damage to the
kidneys may occur through different processes: cells may die either through apoptosis
or necrosis,[43] or lose their function by becoming senescent (Figure 3). [44]

Initially, intra- and extra-cellular stress stimuli induce renal cell cycle arrest. In response
to cell injury, cell cycle arrest is a protection mechanism against further cell damage
and uncontrolled proliferation, as repair mechanisms can restore cell damage before
cell growth (G2-phase) and division (M-phase). Cell cycle arrest is mediated by cyclin-
-dependent kinases, such as p21, p16 and p53, and is induced by intracellular (e.g. DNA
damage) and/or extra-cellular (e.g. via integrin signaling) stimuli. Cell senescence, a
state in which cells can no longer proliferate, but remain metabolically active, occurs
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after p21-mediated cell cycle arrest. [45]

With respect to AKI, ischaemia-induced kidney injury is associated with elevated ex-
pression of p21, cell growth arrest and senescence. [13,45] As senescent cells are me-
tabolically active, they produce pro-inflammatory cytokines and extra cellular matrix
(ECM) degrading enzymes, such as matrix metalloproteinases. [46]

While moderate cellular stress often results in senescence, severe stress may result
in apoptosis or necrosis. Apoptosis may be induced through the intrinsic pathway, in
which cellular stress leads to mitochondrial membrane permeability, resulting in re-
lease of apoptogenic factors, which eventually activate caspase 9. [13] Alternatively,
the extrinsic pathway may be activated by ligation of death receptors which activate
caspase 8. [47] Both pathways have been implicated in AKI; e.g. in a mouse model of
sepsis-induced AKI, apoptosis was shown to be mediated by TNF-B and its death re-
ceptor TNFR1 [48] and in humans it was shown that two key apoptogenic factors Bax
and Bak are involved in ischaemia-induced AKI. [47,49]
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Figure 3. The epithelial linings in the kidney tubules are prone to ischemic and reperfusion injury as well
as direct nephrotoxicity. These conditions induce inflammation and alterations in the cell cycle, which may
result in cell damage, apoptosis or necrotic cell death. Remnant viable epithelial cells can proliferate and the-
reby enable tissue repair. When repair mechanisms are insufficient, persistent injury results in acute tubular

necrosis with tubular atrophy and interstitial fibrosis.
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Histological evidence for necrosis is typically found in proximal tubules, but minor
events may also be observed in the distal tubules. Necrosis is characterised by swelling
of the cells secondary to Na* and Ca?* influx, followed by the breakdown of the plasma
membrane, resulting in the release ofimmunogenic damage-associated molecular pat-
terns (DAMPs). [50] DAMPs often induce an inflammatory response, which intensifies
both tissue injury as well as tissue regeneration.

Inflammation is a key process that contributes to kidney injury but also enables tissue
repair after ischaemic conditions. Injured cells activate the innate immune system as
DAMPs derived from necrotic cells further induce local inflammation in the kidneys. [51]
Leukocytes, especially macrophages, infiltrate the tubule by passing the glomerulus
and release pro-inflammatory cytokines. In inflammatory conditions, the proliferation of
remnant tubular epithelial cells is a reaction mechanism for tissue repair which may be
mediated by macrophages. [13,52] However, during prolonged ischaemia or exposure
to nephrotoxic compounds, this repair mechanism may be insufficient and ultimately
results in tissue fibrosis. Inflammation and cell cycle arrest are both characteristics of
kidney fibrosis, the process of ECM deposition and scar tissue formation, that contribu-
tes to irreversible nephron function loss. [53]

So far, AKI biomarkers have been thought to fall roughly into three categories: classical
biomarkers for kidney function, such as serum creatinine and urinary output, which
form the basis for the current Kidney Disease Improving Global Outcome (KDIGO),
Acute Kidney Injury Network (AKIN) and Risk, Injury, Failure, Loss, End-Stage (RIFLE)
criteria; inflammation-related biomarkers (e.g. KIM-1 and 1L-18) and biomarkers that
might reflect cell cycle arrest (e.g. IGFBP7 and TIMP-2).
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AKI diagnosis, current markers and tests

AKI diagnosis based on serum creatinine and urinary output

Currently, diagnosis and classification of AKl is typically performed according to con-
sensus criteria based on serum creatinine and/or urinary output, e.g. according to the
KDIGO, AKIN or the RIFLE criteria. [7,54,55] The KDIGO criteria define several conditi-
ons that affect the kidney: AKI, CKD and Acute Kidney Diseases and Disorders (AKD).
Whereas AKl is defined based on serum creatinine increase (within 2-7 days) and urina-
ry output, AKD and CKD are based on glomerular filtration rate (GFR) <60 mL/min/1.73
m? for <3 months or >3 months, respectively. The term AKD also includes patients with
a decrease in GFR by >35% or an increase in serum creatinine by >50% for <3 months.

Urinary output and serum creatinine, as measures of kidney injury, have a couple of
disadvantages. Urinary output and serum creatinine are functional markers, which, due
to the functional renal reserve (up to 20-40% in healthy kidneys), only alters upon sig-
nificant kidney function loss. [56] Typically, this occurs in a late phase of kidney injury,
and urinary output and serum creatinine therefore does not allow for early recognition
of AKl in stages where damage could still be halted or reversed. [57] Another disadvan-
tage of the use of serum creatinine and urinary output, is that they only roughly estima-
te glomerular filtration function, but do not provide insight in the type of kidney injury,
such as injury with pre/post renal cause or intrinsic organ damage (Figure 2). Besides,
precise measurement of urinary output may not be feasible in clinical practice, although
a decrease in urinary output may be noticed. Serum creatinine may also be affected by
muscle composition and turnover, diet, drug interactions, volume of distribution and
physical activity, which are typically altered during hospital stay. [57-60]

Alternatively to serum creatinine, serum/plasma cystatin C is a commonly used marker
for the GFR. Cystatin C (16 kDa) is an extracellular cystatin protease inhibitor widely ex-
pressed through the human body and consistently produced. [61-65] This small protein
is freely filtered at the glomerulus and is cleared by reabsorption in the proximal tubule
and excretion in urine. In the clinical laboratory, serum cystatin C is typically determined
when serum creatinine measurement is likely to be confounded, for example by extre-
mes in dietary protein intake, muscle mass or assay interferences. [63,64,66] Cystatin C
in serum has been shown to be less affected by gender, muscle mass and diet and was
shown to be more sensitive for kidney function monitoring. [67-69] While cystatin C in
serum/plasma has been used as a functional marker for glomerular filtration, cystatin
C in urine has is also described as a measure for tubular dysfunction in AKI. [70-72]
Next to the automated routine assays available for serum cystatin C, multiple validated
immunoassay based methods for determination of urinary cystatin C have been deve-
loped for routine chemical analysers. [61,71,73]
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Inflammation markers

As previously described, inflammation is one of the characteristics of cellular respon-
se in AKI. Therefore, it may be expected that proteins involved in the inflammatory
response could provide markers that indicate AKI at an earlier stage. Indeed, several
inflammation related markers for AKI have recently been described. KIM-1 (39 kDa) is
a transmembrane glycoprotein which is most well-known for its immune regulatory
function in response to viral infection. [74] KIM-1 is up-regulated in renal cells after
injury and plays a role in phagocytosis of apoptotic bodies and necrotic debris. [75,76]
By immunohistochemistry staining, KIM-1 was found on the brush border of tubular
epithelial cells and not on glomeruli in renal allograft biopsies. [7778] In urine, levels
of KIM-1 were increased in patients with ischaemia induced acute tubular necrosis, a
pathological phenotype underlying AKI diagnosed by histologic examination of kidney
tissue, compared to patients with CKD. [79] KIM-1 was found to be a promising biomar-
ker for AKI in a prospective study including patients who underwent coronary artery
bypass grafting (CABG), as urinary excretion of KIM-1 was predictive for development
of AKI 12-24 h after the intervention (AUC ROC = 0.70-0.73). [27]

Another well-described inflammation marker is NGAL (23 kDa). [80-82] NGAL secre-
ted in urine can be in free form (monomer, dimer or trimer) or complexed with metal-
loproteinase-9 (MMP9). [83,84] The main functions of NGAL are the regulation of the
availability of Fe** and the inhibition of bacterial growth. [81] In line with its bacterio-
static function, NGAL is mainly expressed in tissues regularly exposed to pathogens,
such as the trachea, lungs and colon.81,82 In urinary tract infections, increased ex-
pression and excretion of NGAL in the urinary tract have been found as mechanisms
for bacterial clearance by acidifying urine to limit bacterial growth.[85] With respect
to kidney injury, elevated expression of NGAL was found in renal tubular cells during
inflammation[81] and ischaemic injury.[81,86] In murine models and cultured human
proximal tubule cells, NGAL mRNA was up-regulated in cells that were undergoing
proliferation and regeneration in ischaemic conditions.[86] In the kidney, NGAL is lo-
calised in the cytoplasm of renal tubular cells in the cortex as well as the renal medulla.
[77,87] The up-regulated NGAL in tubular injury is believed to have a protective role
in ischaemic conditions, which includes the inhibition of apoptosis and the stimulation
of cell proliferation.[14,88,89] With respect to its clinical evaluation, NGAL was consi-
dered a promising biomarker for AKI in patients who underwent cardiac surgery with
cardiopulmonary bypass. Specifically, urinary NGAL levels 2 h after cardiopulmonary
bypass were predictive for AKI (sensitivity = 82%, specificity = 90%, cut-off = 100 ng/
mL NGAL).[90]
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IL-18 (22 kDa) is a well-known pro-inflammatory cytokine, which is secreted by ma-
crophages upon cleavage by caspase-1. Elevated urinary levels of IL-18 are associated
with occurrence of AKI. [20,91,92] In a study including patients who underwent cardiac
surgery, urinary 1L-18 was increased after 4-6 h after cardiopulmonary bypass and the
performance in diagnosing AKI defined by the area under the ROC was 61-75%, depen-
ding on the timing of IL-18 measurement. [93] Moreover, IL-18 was found associated
with acute tubular necrosis, and not with eGFR defined CKD. [92]

Cell cycle arrest markers

Cell cycle arrest is probably one of the first processes activated upon cellular stress in
the kidney. Therefore, markers that could indicate cell cycle arrest of kidney tubule cells
would likely provide early and specific markers for AKI. Indeed, recently two proteins
that are associated with cell cycle arrest have been identified as promising markers
for the detection of AKI. Proteins IGFBP7 (29 kDa) and TIMP-2 (24 kDa) are secreted
proteins widely expressed through the human body,[94] including in the proximal and
distal tubule in the renal cortex. [95] Both TIMP-2 and IGFBP7 are multifunctional pro-
teins involved in various biological pathways. [96] Among other functions related to the
inhibition of matrix metalloproteinases (MMPs), TIMP-2 binds to a3p1 integrin induci-
ng synthesis of cyclin-dependent kinase inhibitor p27 resulting in G1 cell growth ar-
rest,[96,97] while IGFBP7 induces p53 mediated cell cycle arrest and apoptosis. [98,99]
Urinary TIMP-2 and IGFBP7 measured directly after kidney transplantation have been
shown to be predictive for delayed graft function.100 Interestingly, TIMP-2 and IGFBP7
have both been described in scientific literature as biomarkers for pathological conditi-
ons other than kidney injury, such as various malignancies. [101-103]

The product of TIMP-2 and IGFBP7 concentrations, [TIMP-2]*[IGFBP7], was introdu-
ced as a biomarker for AKI development in septic patients and patients who undergo
cardiac surgery, in the point-of-care NephroCheck™ test (Astute Medical, San Die-
go). [104] [TIMP-2]*[IGFBP7] has been described as a promising biomarker, since it
performed better in the prediction of AKI in the ICU than other biomarkers, including
NGAL, KIM-1, IL-18 and L-FABP (Sapphire study). In a follow-up study, combined data
from the so-called Sapphire and Topaz multi-centre studies confirmed that urinary
[TIMP-2]*[IGFBP7] was predictive for the development of moderate to severe AKI in
patients who underwent major surgery. [105]

Other biomarkers for kidney injury

Next to the inflammatory and cell cycle arrest markers, other mechanisms have been
suggested for biomarkers L-FABP and NAG in kidney injury. L-FABP (14-15 kDa) was
introduced as a marker for CKD rather than a marker for AKI. [106] Urinary concentra-
tions of L-FABP correlate with the degree of proteinuria and it has been proposed that

28



could be used for monitoring progression of glomerular disease. [106] L-FABP is a pro-
tein highly expressed by hepatocytes in the liver and binds fatty-acids and cholesterol.
In the kidney, L-FABP is expressed in the cytoplasmic regions in the proximal tubule
and in the tubular lumen. [107] Although the role of L-FABP in kidney injury remains
to be unravelled, an anti-inflammatory and protective role of L-FABP in ischaemia has
been suggested in which L-FABP mediates transport of accumulated cytotoxic levels of
intracellular lipid peroxidation products to the urinary lumen in conditions of ischaemia.
[107]

NAG (~130-150 kDa) is a widely expressed lysosomal enzyme responsible for the break-
down of glycoproteins. [108] In the rat kidney, NAG is localised in both the proximal and
distal tubule. [109] Abnormal urinary NAG concentrations, have been found in patients
with renal disease, with ischaemia-reperfusion injury, hypertension or after exposure to
nephrotoxic agents. [108,110,111] In addition, NAG has also been proposed as a marker
for tubular dysfunction in type 2 diabetes. [112,113] Interestingly, in patients with type 2
diabetes, urinary NAG is correlated to urinary albumin levels. [112]

Mechanism underlying increased urinary concentrations of protein biomarkers in AKI
For all discussed biomarkers, elevated urinary concentrations were associated with
acute or chronic kidney injury. Yet, the molecular mechanism for elevated excretion of
such biomarker proteins via urine is still unclear. For example, TIMP-2 and IGFBP7 are
expressed in tubular cells, in specific distal and proximal compartments of the human
nephron, and increased in situ expression and secretion of these markers has been pro-
posed as the mechanism behind elevated urinary excretion of these proteins in ischae-
mic conditions. [95] Recently, the underlying biological mechanism of increased urinary
levels of TIMP-2 and IGFBP7 in kidney injury was studied in detail using mouse models
of agent-induced and ischaemia-induced AKI. [114] While urinary levels of TIMP-2 and
IGFBP7 were increased in conditions of AKI, no increased expression of TIMP-2 and
IGFBP7 was found in tubular cells in the renal cortex. It was emphasised that elevated
urinary levels of TIMP-2 and IGFBP7 in AKI are a result of decreased glomerular perm-
selectivity and increased tubular leakage, by either impaired reabsorption of glomerular
filtered proteins or increased extracellular release by tubular cells. [114] The proposed
impaired reabsorption of proteins is in agreement with previously observed high con-
centrations of urinary NGAL and cystatin C in proteinuria, as a result of competition for
reabsorption in the proximal tubules. [115] Decreased permselectivity of the glomerular
apparatus may be a result of direct damage to the glomerular basement membrane or
increased intraglomerular hydraulic pressure by renal perfusion. [116]
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The mechanisms underlying increased excretion of TIMP-2 and IGFBP7 in urine -de-
creased glomerular permselectivity and proximal tubular leakage- are likely to apply
also to other kidney injury biomarkers. The low molecular weight proteins KIM-1, NGAL,
IL-18, L-FABP, TIMP-2 and IGFBP7 are not specifically expressed in kidney tissue and
are likely to pass the glomerular slit membrane, especially in conditions of decreased
permselectivity of the glomerular apparatus. Consequently, KIM-1, NGAL, IL-18, L-FA-
BP, TIMP-2 and IGFBP7 may be prone to confounding by inflammatory and cell cycle
related processes being systemic or originating from different tissues in the human
body.

Characteristics of acute kidney injury biomarker tests towards
translation to the clinical laboratory

Desirable test characteristics for timely diagnosis of kidney injury

Translation of promising biomarkers into actual medical tests is a difficult trajectory in
which many markers fail. Examples of successful biomarker translation to the medical
laboratory include cardiac troponin T and troponin |, which are injury markers speci-
fically expressed in heart tissue, that indicate heart muscle damage. Nowadays, the
high-sensitivity cardiac troponin test is a cornerstone test for the diagnosis of non-ST
segment elevation myocardial infarction (NSTEMI) in patients with symptoms of acute
coronary syndrome. [117]

Recently, a framework for medical test evaluation has been outlined by the European
Federation of Clinical Chemistry and Laboratory Medicine (EFLM). [10] Specifically, it
addresses the importance of having a well-defined clinical need as starting point, follo-
wed by predefining the analytical and clinical performance needed for the intended use
of the test. Analytical performance should be compliant with the intended use of the
test, which could be early diagnosis (e.g. recognition of AKI after major surgery), patient
monitoring (e.g. during periods of exposure to nephrotoxic compounds) or prognosis
(e.g. AKI related outcomes such as RRT). For the purpose of timely diagnosis of kid-
ney injury in the ICU or after major surgery, high clinical and analytical sensitivity and
specificity to detect minor changes in concentration are required. According to the
EFLM Test Evaluation framework, [10] clinical performance specifications should be
predefined and selected based on the intended use and benefit-harm ratio for patients.
For the early detection of AKI after cardio-thoracic surgery, high sensitivity is required
at the expense of lower specificity. One could imagine that if AKI biomarkers would be
used in therapy monitoring, e.g. in patients receiving nephrotoxic agents at an oncology
department, high specificity of a biomarker test is required for clinical decision making
(dose adjustments, therapy switch etc.). For biomarker based AKI risk prediction, a bio-
marker must have additional value to risk prediction based on clinical factors,
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including co-morbidities such as pre-existing CKD, proteinuria, diabetes and medicati-
on. [118] The perfect biomarker or biomarker panel could discriminate between stages
of kidney injury and is specific for kidney tissue (e.g. glomerular, tubular, vascular or
interstitial topography, Figure 2). Furthermore, an optimal injury marker should have
discriminating performance 2-6 h after the intervention to guide actionable AKI pre-
vention strategies. Once the clinical unmet need is defined, and the potential role of
the test is identified, the desired analytical and clinical performance, the clinical effec-
tiveness, cost-effectiveness and the broader impact of the new medical test should be
considered. [119] In the next paragraphs, kidney injury biomarkers NGAL, KIM-1, IL-18,
L-FABP, NAG, TIMP-2 and IGFBP7 will be assessed in relation to these Test Evaluation
components.

The clinical performance of urinary kidney injury biomarkers has been studied for
timely AKI diagnosis

The strength of association between the kidney injury biomarkers and the clinical out-
come AKI is typically assessed by the ability to predict kidney injury by means of the
discriminating performance (test sensitivity and specificity, areas under the ROC curves
and likelihood ratios). The performance of AKI biomarkers in clinical studies have pre-
dominantly been assessed for timely diagnosis of AKl in the ICU or after cardio-thoracic
surgery. Typically, the predictive performance of AKI biomarkers is evaluated against
the filtration marker serum creatinine defined occurrence of AKI as the primary end-
point. Patients are either classified in the AKI group or non-AKI group based on (minor)
changes in serum creatinine with respect to an available baseline value, following the
KDIGO criteria. However, serum creatinine is an inappropriate gold standard for AKI
and therefore may be inadequate as the primary endpoint. [116] Alternative endpoints
for AKI biomarker evaluation are, for example, AKI severity and long-term renal function.
In addition, non-creatinine endpoints, such as the need for RRT or mortality, may be
used. [120,121] In a recent meta-analysis, urine biomarkers NGAL, IL-18, cystatin C and
[TIMP-2]*[IGFBP7] were found to be predictive for RRT in AKI. [19]

KIM-1, NGAL, IL-18, L-FABP and [TIMP-2]*[IGFBP7] have been extensively evaluated
for their clinical performance in predicting AKI before serum creatinine rise. Test cha-
racteristics, including test sensitivity and specificity with a concentration cut-off, have
been summarised in systematic reviews and meta-analyses. [16-18,20,23,122-124] So
far, a meta-analysis of test characteristics in predicting AKl is not available for NAG.

In Table 1, pooled test parameters sensitivity and specificity derived from meta-analy-
ses are summarised, to give an indication of the diagnostic value of the kidney injury
biomarkers. KIM-1 has the best characteristics by means of both test sensitivity (74%)
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and test specificity (86%). Overall, test specificity of NGAL (47%) and TIMP-2*|GFBP7
(57%) is poor and in individual studies, the concentration cut-offs have been set in
a manner so that test sensitivity (88% and 84%) outweighs the test specificity. Vari-
ous cutoff concentrations have been used in the assessed individual studies, which
hampers direct interpretation of the pooled test sensitivity and specificity, which is, for
example, the case for IL-18. [20] In meta-analyses evaluating the clinical performan-
ce of [TIMP-2]*[IGFBP7] (NephroCheck™), the heterogeneity in (i) the cut-off points
among the included studies, (ii) studied populations, (iii) timing of sampling were the
main limitations for examining the diagnostic value. [17122,123] In case of the Nephro-
Check™, the cut-off value of 0.3 (unit = (ng/mL)2/1000, AKIRisk™) score results in a
high rate of false positives and thus poor specificity (~0.50) and positive predictive value
(PPV) (~0.20). Therefore, a cut-off value of 2 may be used to improve test specificity
(~90%). [105,125-128]

The diagnostic performance of a test is dependent on the timing of urine sample collec-
tion for biomarker measurement. [129] The optimal timing of biomarker measurement
depends on the intended use and the concentration profile over time. For early diag-
nosis of AKI in the ICU, rapid response in urine is desired, while for patient monitoring
slow biomarker kinetics may be preferred. Although there is discrepancy in biomarker
kinetics among studies, urinary NGAL typically peaks rapidly after major surgery (~2 h),
TIMP-2, IGFB7, IL-18 and L-FABP have a delayed response (~6 h) and KIM-1 has a late
optimum response (~12 h). [9,130]

Table 1: The availability of information with respect to analytical test specifications, clinical performance,
clinical effectiveness and cost-effectiviness of kidney injury biomarkers in scientific literature. Pooled test
sensitivity and specificity from meta-analyses are given as indivation for the clinical performance.

Biomarker Clinical performance Clinical performance Clinical effectivity Cost-effective-
ness
availability | total CV, ref availability | sensitivity | Specificity ref avail- ref availability
(%) (%) ability
NGAL + 12-52% | s + 88 47 °
[TIMP-2]x + 9-18% s + 84 57 2 + o0 A
[IGFBP7]
KIM-1 +/- * + 74 86 122
IL-18 +/- * + 51 74 2
L-FABP +/- * + 75 78 =
NAG +/- * +/-** 80 65 o8

Data are available (+), insufficient (+/-) or not available (-). CV, = Analytical variation. *Research-use only
immunoassays; no diagnostic tests and analytical specifications available; * Test characteristics values deri-
ved from a single study (no meta-analysis); “Limited information available with respect to cost-effectiveness
of use in a hospitalized population.
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Consequently, the timing of urine collection is critical for interpretation and serial sam-
pling may be desired.

Since biomarkers in urine have high within-subject variation, one concentration cut-
off as medical decision point together with individual test results can be inconclusive
(diagnostic uncertainty/so-called ‘grey zone'). [131] Alternatively, serial sampling may
support biomarker interpretation and here the reference change values (RCVs) can
be used in combination with conventional population reference intervals. [132,133] The
RCV is a fold change that indicates the biomarker change that is likely to be of clinical
significance. If the change in test results of two or more measurements is lower than
the RCV, the observed biomarker concentration increase or decrease may be due to
biological and analytical variation, and the result is likely to be noise only. Examples of
RCVs for NGAL and TIMP-2 are shown in Table 2. Serial biomarker measurements and
the RCV can support clinical biomarker interpretation and this may be of interest for
the purpose of biomarker guided patient monitoring of graft function or monitoring of
kidney injury during therapy with nephrotoxic agents. Nevertheless, one may consider
that serial measurements may not be feasible in a clinical setting and there may be lack
of time for serial urine collection for the purpose of early diagnosis of AKI.

In summary, the clinical performance of AKI biomarkers is moderate probably due to
several major reasons. First, the predictive performance of biomarkers is typically eva-
luated based on serum creatinine defined AKI, which can be considered as an inap-
propriate gold standard for AKI. [134] Second, the current biomarkers lack specificity
for kidney tissue or the underlying injury mechanisms and are prone to confounding
by medical interventions and comorbidities. Third, the sample collection, storage and
the assays used in the diverse clinical studies have not been standardised. Finally, the
timing of (serial) sample collection seems to be critical for optimal predictive perfor-
mance and is variable among studies.
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Table 2:

Performance

specifications of biomarkers NGAL and TIMP-2 calculated from

previously reported analytical and biological variation data in urine.

Biomarker Literature values Calculated values
cyv, CV, CV, Ref. Index of individuality TE, RCV
(%) (%) (%) (CV/CVy) (%)* (%)**
TIMP2 677 19.7 6.0 150 0.57 90 188
NGAL 86.3 196.2 52 150 0.44 125 240

CV, = within-subject variation; CV,, = between-subject variation; CV, = analytical variation; TEa = total

allowable error; RCV = reference change value interval. * TEa < k* 0.5 CVI + 0.25(CV, + CV,)1/2; With k
=165 (inner 90%, desired TE) and a= 0.05, **RCV = z*21/2(CV,, + CV))1/2, with z = 1.96 (95% probability
that the change between results can be explained by biological and analytical variation only)
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Clinical effectiveness: Improve health outcomes that are relevant to the individual
patient

Timely diagnosis of kidney injury, before serum creatinine rises, is believed to prevent
further kidney damage and the incidence of severe AKI and the need of RRT. Therefore,
the ultimate improvement of health outcome to the individual patient is the avoidance
of irreversible kidney damage and development of ESRD. Other aimed beneficial out-
comes of early AKI biomarkers are the shortened ICU and overall hospital stay.

The treatment of already developed AKI remains challenging and the effects of phar-
macological interventions have been shown to be limited and inconclusive. [135-138]
Therefore, AKI management has been focused on the prevention of AKI development.
Strategies for the prevention of AKI include: haemodynamic stabilisation (e.g. vascular
fluid loading, administration of vasopressor agents or inotropic drugs), minimisation of
cardiopulmonary bypass and the dose reduction or avoidance of nephrotoxic agents.
[139,140]

The efficacy of patient management of individuals with high risk for developing AKI has
been studied in two prospective studies. In these studies, high-risk AKI patients were
identified by the NephroCheck® biomarker analysis ([TIMP-2]*[IGFBP7] >0.3). The se-
lected high-risk AKI patients were included in either the intervention or control group
by randomisation and the observed effects are unrelated to biomarker testing. [141,142]
The effects of strict patient monitoring - consisting of optimisation of haemodynamic
fluid status, avoidance or stopping nephrotoxic agents and preventing hyperglycaemia
- on the incidence of AKI in high-risk patients at the ICU were investigated. [142] Here,
strict monitoring in the intervention group did not affect the incidence of moderate/
severe AKI within the first day of ICU admission (primary endpoint) compared to the
control group that received standard care. [142] In contrast, in a study including high-
risk AKI patients who underwent cardiac surgery, strict patient monitoring (including
avoidance of nephrotoxic compounds, discontinuation of ACE inhibitors or angiotensin
Il receptor blockers for 48 h after surgery, haemodynamic monitoring and preventing
hyperglycaemia) resulted in a reduced AKI incidence (55.1% intervention group vs.
71.7% control group). [141] However, ICU stay, hospital stay or RRT requirement during
a follow-up of 90 days was not affected. [141] It would be interesting to test the clinical
effect (patient outcome and hospital costs) for such an intervention by including pa-
tients based on the biomarker results.
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Desirable analytical performance specifications

The analytical specifications, including imprecision, inaccuracy and total allowable
error, can be based on three tiers: (i) clinical outcome; (ii) biological variation of the
measurand; [143] and (iii) state-of-the-art/highest analytical performance technically
achievable (criteria from the EFLM conferences). [144-146] When biological variance
data from literature is used to set analytical specifications, the Biological Variation Data
Critical Appraisal Checklist (BIVAC) should be used for evaluation of the methodologi-
cal quality of the study that obtained the biological variance data. [147]

To our knowledge, no studies have set the analytical performance specifications of
biomarker assays on direct or indirect clinical outcome kidney injury today. However,
the biological variance of AKI biomarkers in urine in apparently healthy populations and
patient populations has been reported. [148,149] In a study with apparently healthy sub-
jects, the within-subject variation was substantial (CV, >60%) for urinary NGAL, KIM-1
and IL-18 (N = 9, study not fully BIVAC compliant). [148] Moreover, the within-subject
variation in patients with CKD (N = 80) was 68% for TIMP-2, 72% for KIM-1, 95% for
IL-18 and 66% for albumin in urine (N = 80, values not normalised, BIVAC-compliant
study). [150] Typically, the within-subject variation of analytes in urine is higher compa-
red to plasma. For example, the within-subject variation of NGAL in urine is 86% com-
pared to 16% in plasma. [150] For urinary NGAL, an immunoassay suitable for routine
chemistry analysers is available for diagnostic use and the within-day and between-day
variance has been studied in more detail. [151,152]

If the analytical specifications of biomarkers for early detection of kidney injury would
be set based on available estimates of within-subject biologic variation (CV)) and the
between-subject biologic variation (CV ) - according to Westgard guidelines - the total
allowable error (TEa) will be large for kidney injury biomarkers measured in urine. For
example, the TEa for urinary TIMP-2 and NGAL measurement, can be calculated based
on available biological variation (CV, = 68% and CV = 120% for TIMP-2 and CV, = 86%
and CV, = 196% for NGAL) from a BIVAC compliant study (Table 2). [147150] The TEa
obtained of 90% for TIMP-2 and 125% for NGAL is large compared to common clinical
chemical laboratory standards (Table 2).

We suggest that the state-of the-art analytical performance tier may be more appropri-
ate for setting the analytical specifications of urinary biomarkers for prediction of AKI.
In clinical studies, AKI biomarkers have been measured using research use only ELISA
kits, the NephroCheck™ point-of-care test (POCT) for [TIMP-2]*[IGFBP7] or NGAL
immunoassays suitable for chemical analysers. For example, state-of-the art analytical
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performance of NGAL immunoassays for chemical analysers is CV, = 1.2-5.2%. [153-
155] A novel technique that has recently been introduced in the clinical laboratory for
protein quantitation is mass spectrometry (MS). MS is a highly specific technique with
multiplexing capability and analysis of individual proteoforms, that has advantages over
immunoassays. [156,157] Previously, we developed and showed long-term analytical
imprecision of 5-6% using a multiplex MS-based test for the absolute quantification
of apolipoproteins. [158-160] Likewise, a panel of low abundant urine AKI biomarkers
could potentially be quantified using a similarly precise, MS-based test.

The use of absolute biomarker concentrations has several issues to be discussed. Re-
ported biomarker concentrations in clinical studies may not be interchangeable, as the
diverse immunoassays available have not been harmonised and standardised. Second-
ly, variance in urinary flow rate contributes to the large biological variance of absolute
urinary biomarker concentrations. This variance may be reduced by normalisation of
absolute concentrations for urine dilution, using urinary output, urinary creatinine or
osmolality. [150,161-163] Normalisation of results introduces an extra variable, having its
particular disadvantages. For example, oliguria is an easily recognisable parameter for
normalisation, but standardised measurement of urinary output may not be feasible in
clinical practice. Normalisation of urinary biomarkers by urinary creatinine has become
more or less common practice in literature. Normalisation by urinary creatinine assu-
mes constant excretion per volume urine, however urine creatinine excretion is variable
and depends on previously described factors, such as muscle mass and diet. [57] Hen-
ce, urinary creatinine could be considered as an imperfect parameter for normalisation.
Osmolality may be an alternative parameter for normalisation and has been used in
analysis of metabolites in urine, but its use in urinary protein analysis in the clinical
chemistry field remains limited. [161,164,165]
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Cost-effectiveness and broader impact

New in vitro diagnostic tests need to guide decision making, be cost-effective and have
additional value to patient management for implementation in routine patient care pa-
thways. [11166,167] Moreover, tests need to substitute other laboratory measurements
or have significant additional value in the clinical management of kidney injury having
incremental benefits over existing clinical pathways. [10] The estimated assay costs for
kidney injury testing are between $18 and $25 for NGAL, cystatin C, KIM-1, IL-18, L-FA-
BP and $85 for [TIMP-2]*[IGFBP7] using one cartridge for the Nephrocheck™ POCT
(cost of reagents only). [168]

The assessment of cost-effectiveness and broader impact of kidney injury biomarker
guided patient management is required, [169] but is currently lacking. However, the ap-
propriate use of the Nephrocheck™ has been outlined and it was emphasised that the
NephrocheckTM can be used on admission to ICU or in critically ill patients and may be
used additionally to other diagnostic tests for kidney injury, such as furosemide testing.
[170] For the use of the Nephrocheck™ as an add-on test to serum creatinine, the clini-
cal effectiveness needs to have evident additional value to potentially be cost-effective.
However, the NephrocheckTM (cut-off 0.3) in the ICU or after major surgery has low
specificity. Therefore, most patients (>50%) will be identified as high risk patients for
AKI, but a large percentage of positively tested patients (~85%) will not develop AKI
(positive predictive value, PPV = 15%). [105,171] These numbers indicate a large burden
of unnecessary and costly interventions, which should be weighed against the clinical
benefits of the test. Specifically, false positive identification of patients with so-called
high-risk for AKI may result in unnecessary avoidance of nephrotoxic agents, under-
mining optimal therapeutic strategies in patient care. If kidney injury testing, timely
diagnosis of AKI and prevention treatment lead to reduced severity of AKI and reduced
incidence of RRT, then the cost-benefit of kidney injury tests may be favourable.
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Recap and perspectives

AKl is recognised by reduced urinary output and increased levels of serum creatinine,
which are both late stage functional markers. There is an unmet clinical need for bio-
markers that detect AKI in an early stage and that have the capability to provide insight
in the pathophysiology of kidney injury, such as differentiation between AKI with pre-
-renal cause or renal injury, such as acute tubular necrosis.

Urinary levels of KIM-1, NGAL, IL-18, L-FABP, NAG, TIMP-2 and IGFBP7 have been pro-
posed as biomarkers for AKl in clinical studies and have gained interest for adaptation
to clinical use in patient care. [172-174] For adoption of biomarkers as part of routine
care, improved clinical outcomes due to biomarker guided patient management need
to be evaluated in the setting of the biomarkers' intended use. AKI occurs in various
clinical settings that need to be considered to find the verified intended use of a biomar-
ker. Likewise, comorbidities and diverse AKI aetiologies need to be covered in well-de-
signed biomarker-stratified clinical trials. The translation of AKI biomarkers in ‘donation
after cardiac death’ kidney taking into account these essentials, is therefore extremely
complex and expensive. In addition, a new AKI biomarker test needs to be compared to
current practice and we here reflect that a gold standard test for AKl is lacking.

Notwithstanding the promising introduction of these individual proteins as molecular
markers of pathological processes relevant to kidney injury, their specificity for kidney
injury and their clinical performance seems to be insufficient for clinical implementati-
on. To enhance clinical sensitivity and specificity, combinations of AK| biomarkers could
be considered. Indeed, the combination of TIMP-2 and IGFBP7 has been included in
a diagnostic test (Nephrocheck™) for the early detection of AKI in patients with acute
cardiovascular compromise admitted to the ICU. The clinical performance of this test
was superior to the individual markers KIM-1 and NGAL and was less affected by co-
morbidities. [104,175] In-house, we have studied urinary TIMP-2 and IGFBP7 as ischae-
mia biomarkers in donation after cardiac death (DCD) kidney transplant recipients and
concluded that TIMP-2, but not IGFBP7, was a promising biomarker for functionally
defined delayed graft function. [176]

A biomarker panel including multiple kidney injury markers reflecting different patholo-
gical processes could increase clinical specificity and potentially even topographically
localise pathology along the nephron. A combination panel of contemporary and emer-
ging biomarkers could fulfil the predefined clinical performance specifications needed
for early diagnosis of AKI.
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