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Abstract

Biomarkers for acute kidney injury have numerous potential roles to play both at the bedside and
in the design and conduct of clinical trials. Given the heterogeneous nature of this disease and the
difficulty, so far, in developing effective therapies, a strategy that deploys all of our available tools
in the treatment and in study of treatments would seem prudent. In this review, we discuss how
biomarkers will change the way we do we take care of patients with and do clinical trials in acute
kidney injury and why, in fact, biomarkers are necessary.
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Biomarkers, substances that can be measured in a patient and whose concentration is
indicative of disease presence, severity or outcome, can serve a variety of clinical purposes.
They can be used for risk assessment, diagnosis, prognosis and for monitoring the clinical
course or response to therapy. High expectations for existing biomarkers of acute kidney
injury (AKI) have given way to much more modest views in the wake of many studies that
have shown less than desirable characteristics. However, what has been lost in much of the
current literature is what we can or should be expecting from biomarkers and how we can
apply them for clinical practice or for clinical trials. In this review, we will discuss the
current clinical environment in AKI and why we need biomarkers. We will discuss how
biomarkers can be used and why we should expect that their performance will be limited by
the nature of this complex disease. Finally, we will discuss how biomarkers will change the
way we do clinical trials in AKI and why;, in fact, they are necessary.
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What is acute kidney injury?

First, let us consider what is AKI and why, given our ability to estimate glomerular filtration
rate (GFR) with a variety of existing tools, we need biomarkers. Standard definitions for
AKI (Table 1) have only been available for a relatively short time [1-3], and yet they have
been almost universally integrated into clinical research. These definitions rely on functional
assessments, surrogates if you will, for glomerular function — one aspect of kidney function
as a whole. Serum creatinine (sCr), the most widely used marker of GFR, is a component of
the definition and yet a single measurement of sCr itself is completely useless in
differentiating acute from chronic kidney disease. Furthermore, while sCr is an adequate
marker of GFR, sCr itself dose not correlate with hospital survival whether measured at the
time of presentation [4] or the start of dialysis [5]. What predicts short- and long-term
outcomes is the change in renal function and herein lies the problem. Changes in sCr require
several hours to days before they reach a steady state following an injury to the kidney. Thus
the change in sCr is an excellent tool for defining when a change in function has occurred
but not particularly good for detecting that is occurring (or about to occur). Worse yet, serum
creatinine is affected by changes in muscle mass, protein metabolism and tubular secretion
so that its relationship with GFR can be complex. Finally, like all functional markers,
creatinine may be both insensitive to and nonspecific for kidney damage.

Figure 1 shows the relation between function and time in the setting of a set of hypothetical
insults (A—C). In the most straightforward scenario, insult A occurs in the setting of normal
function (1) and following the injury function declines (2) eventually reaching a new steady
state. In this scenario, biomarkers that are sensitive for damage at insult (A) will predict the
change in function when measured any time after the start of vector (2). However, function
may recover (3) and thus if it were assessed too late, the decline (and the damage) could be
missed. This is a fairly typical problem for biomarkers — when to assess the change in
function. If it is assessed too early or too late, it may not be detected. However, this is not the
most challenging problem. In the setting of normal function (1), an insult (A) may not be
sufficiently severe to produce a change in renal function and it may appear as though no
damage has occurred (4). When assessing AKI by examining function, the scenario in which
insult A is followed by functional trajectory 4, the damage biomarker will be viewed as a
false positive even when injury (damage) has actually occurred. The functional reserve of
the kidney ensures that this scenario will occur frequently. A normal human can lose a
kidney, in other words, one half of all nephrons, and no change in sCr will occur.
Meanwhile, the same relative magnitude of damage (half the functioning nephrons lost) will
always result in a change in function when baseline function is already impaired (line 5).
This disparity between damage and function makes it very difficult to assess AKI and
therefore very difficult to assess the potential of biomarkers. Also shown in the figure, is
when function declines in response to an extra-renal process (e.g., shock) and only later does
insult (B) occur. If a biomarker were to be measured prior to insult (B), the change in
function (2) would prompt a false-negative determination when in fact the marker was
working perfectly. Finally, many patients may have multiple insults (A—C) occurring over
time. Some may be “silent’ (C), others may occur after (B) the initial insult. In some cases,
only after multiple insults will function decline.
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Given the significant limitations of sCr noted above, the criteria for defining AKI also
includes urine output (UO). UO will often decrease before sCr increases making it a more
time-sensitive marker of GFR. However, UO is not nearly as specific for GFR. While it is
true that in the absence of obstruction if there is no UO, there can be no GFR, however not
all reductions in UO signal AKI. Sustained oliguria is invariably associated with AKI but
then, the timeliness of UO as an early indicator is less valuable.

Regardless of the measure one uses to assess function, the fact remains that functional
change is neither necessary nor sufficient to define AKI as it is occurring. Over time a
persistent functional change can be used to infer damage but acutely, the change may be
purely functional. Inversely, the absence of functional change cannot be used to exclude
damage, especially in previously healthy individuals with normal renal reserve. This reality
creates an ‘upper limit” for observed sensitivity and specificity for damage biomarkers such
that clinical applications will almost certainly require tradeoffs. Said another way, a given
biomarker (cutoff) may be sensitive or specific for AKI but not both; or separate cutoffs for
high sensitivity and high specificity will be required. The clinical use of such markers will
therefore require an understanding of the limitations implicit in their performance
characteristics.

Clinical assessment for AKI

Although the criteria for AKI have been adopted into clinical practice by many, and while
this adoption is recommended by some [3], it has not been without controversy [6,7]. The
primary focus of criticism has been around the concern that functional criteria for AKI are
too liberal [8,9]. Conversely setting the threshold high enough for functional criteria to be
specific, means they become extremely insensitive and/or delay diagnosis to the point of
being unworkable for clinical purposes.

A similar problem exists for early chronic kidney disease (CKD). The definition for CKD
requires a 90-day duration to establish chronicity [10]. However, this arbitrary cutoff of 90
days for diagnosis of CKD should by no means trivialize persistent renal dysfunction
following AKI just because 90 days has not been reached. To address the issue of the ‘black
hole’ between AKI and CKD, the KDIGO AKI Workgroup proposed the concept of Acute
Kidney Disease (AKD) [3]. AKD, defined as a GFR <60 ml/min/1.73 m? or evidence of
structural kidney damage for less than 3 months, provides an operationally integrated bridge
between AKI and CKD. The AKD concept, which incorporates the concept of partial renal
recovery, might also help raise awareness and engender the necessary clinical mechanisms to
follow AKI survivors for progression to CKD, which has been recently highlighted as a
missed opportunity for adequate transitions of care [11,12].

All of this, makes even modestly accurate biomarkers potentially useful. Consider the
following example. A 68-year-old patient with underlying chronic disease (CKD,
cardiovascular disease and diabetes) presents with a clinical diagnosis of pneumonia. She
had an sCr of 1.6 mg/dl 5 months prior and now it is 1.8. She has only made 30 ml of urine
in the 4 h she has been in the emergency department but her mucus membranes are dry and
IV fluids have been started. She is given 1V antibiotics as well but her WBC count and
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lactate are within normal limits and she is normotensive and oxygen saturation is 93% on
room air. Her pulse rate is 88 but she does take a p-blocker. Clearly she is at high risk for
AKI given both susceptibilities (advanced age and chronic disease) as well as an important
exposure (pneumonia). However, what is the probability that she will develop AKI in the
next 12-24 h? In a large epidemiologic study of patients with community-acquired
pneumonia the event rate for AKI was 34% [13]. Even in the subgroup of patients not
admitted to the ICU, the AKI event rate was 25%. However, more than half of these patients
had AKI on presentation and a small number developed AKI late leaving about 5-10% of
patients, like the one described above, developing AKI in the next 12—24 h after initial
presentation. Obviously if 1-2 in 20 patients like this will develop a condition that decreases
their chances of survival to less than half and doubles their hospital costs, it would be
important to avoid missing them. Conversely if only 1-2 in 20 develop AKIl, it is difficult to
apply time-consuming and potentially resource-intensive interventions to all such patients.
Clinical judgment cannot solve this problem. Although clinical risk prediction models have
shown performance as high as an area under the receiver operating characteristic curve
(AUC) of 0.81-0.84 [14,15], these models require several variables and are not intuitive.
Neither have they been validated in subsequent cohorts and therefore their performance is
likely overestimated. However, whether one is using a clinical risk prediction model or a
biomarker panel or both, the sensitivity and specificity will not both be greater than 90% so
the clinician using the test will need to understand how it may aid in, but not replace, clinical
decision making.

Application of AKI biomarkers: clinical practice

Let us consider a study by Endre and colleagues that found an AKI event rate of 5% within
24 h — comparable to the scenario described above [16]. Although this study found one of
the poorest performing receiver-operating characteristic curves for one of the best studied
biomarkers for AKI, urine neutrophil gelatinase associated lipocalin (UNGAL) (AUC = 0.68
for AKI at 24 h) patients developing AKI still tended to have higher values than patients that
did not (Figure 2). Indeed, although overall 1 in 20 patients developed AKI, a cutoff can be
found that separates the relative risk for AKI into a high risk group (1 in 8) and a low risk
group (1 in 35) — a more than fourfold difference in risk. Indeed, we can even apply two
cutoffs to separate the low risk group into a moderate risk (1 in 13) and very low risk
subgroup (1 in 100). Table 2 provides some clinical decisions based on these three categories
of risk for the patient described above. Further discussion on clinical applications can be
found in recent reviews [17,18].

Application of AKI biomarkers: clinical trials

A similar logic can be applied for the application of biomarkers in clinical research.
Biomarkers can serve multiple purposes in clinical trials (Table 3). Each of these
applications has tradeoffs (pros and cons) that are somewhat specific to the particular use.
For example when used for enrichment (to exclude low-risk cases), the performance of a
biomarker could have the following results. Let us consider a drug that is being studied to
prevent AKI and to find a 20% relative risk reduction. Without the biomarker, let us say that
the inclusion/exclusion criteria result in an event rate of 30% (i.e., a higher risk group than in
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our clinical example). A 20% relative risk reduction would mean a decrease to 24% (a 6%
absolute risk reduction). A clinical trial designed to find this difference would require more
than 3000 patients. However if some of the patients enrolled had virtually no risk and if we
could use a biomarker (or another method) to exclude these patients we could enrich the
population so that the event rate would increase. If we could enrich, for example, to a 50%
event rate a 20% relative risk reduction would be to a 40% event rate so we would now have
a 10% absolute risk reduction. A trial to find this difference could be nearly four-times
smaller, requiring roughly 780 patients! Even when biomarkers perform ‘poorly” as in the
study by Endre discussed above, the effect they have on enrichment can be dramatic. Going
from 1 in 35to 1 in 8 is more than a fourfold increase in risk. If we were to use such a
marker to separate the overall population with an event rate of 30% into a 12% low risk and
48% high risk (a fourfold difference), we could exclude the lower risk group and achieve the
baseline event rate approaching 50%. Note this enrichment was achieved with a one of the
lowest reported estimations of UNGAL performance (when applied to a higher baseline
event rate). Most studies have found significantly greater discrimination and thus the
potential for far greater enrichment [19]. There are disadvantages of this approach as well.
Use of a biomarker in the way described above will invariably result in a limiting of the
patient population that the drug is indicated for. In the example above, cutting the target
population in half may not be desirable and patients with a 12% risk of AKI might also
benefit, particularly if the therapy has few adverse effects. Finally, a study design employing
a biomarker for patient selection could result in regulatory agencies requiring use of the
biomarker in the product labeling.

Other scenarios are also shown in Table 3. Biomarkers may be used to adjudicate endpoints.
Increasing endpoints by using sensitive biomarkers to define the endpoint will increase
events and increase statistical power. However, in order for the biomarker to be used in this
way, it would need to be accepted in its own right — something that has been slow in coming
for AKI biomarkers.

Conclusion & future perspective

New biomarkers for AKI are being developed and some include concepts that even
transcend the function/damage paradigm discussed above. For example, urinary tissue
inhibitor of metalloproteinases-2 (TIMP2) and insulin-like growth factor-binding protein 7
(IGFBP7), have recently been reported [14] and subsequently validated [20] for risk
assessment for AKI in critically ill patients. Indeed, they have become the first AKI
biomarkers to be approved by the US FDA. Importantly, both TIMP-2 and IGFBP7 may
increase in response to a wide variety of insults (inflammation, oxidative stress, ultraviolet
radiation, drugs and toxins) [21-23]. This may help explain why they correspond to risk for
AKI, a syndrome known for its multiple etiologies even in the same patient. However, these
insults may not actually destroy cells and these molecules appear to be able to signal in
autocrine and paracrine fashions [23,24] thus behaving more like an “alarm’ spreading to
adjacent cells. In terms of timing, this signal could be represent the earliest point of cellular
stress. Biomarkers that can detect cellular stress (or conversely cell health) may be more
useful than markers of damage or cell death. However, a note of caution is also required
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because cellular stress or even temporary functional change may not lead to long-term
disability and are not themselves patient-centered outcomes.

Finally, as we better understand the processes whereby the cells are injured and attempt to
protect themselves, there exists the possibility that we will be able to develop ‘theragnostics’
for the kidney. A theragnostic is a tool that can be used to guide therapy. For example if a
stress marker is high and/or a health marker is low but the markers move in opposite
directions when therapy is applied, one might be able to use them not only for diagnosis but
to titrate therapy. Another obvious approach is to develop diagnostics and therapeutics
together — for example replacing a protective substance or blocking a harmful molecule
based on measuring its concentration. Note this approach will benefit from all of the
advantages but suffer from the limitations of the enrichment strategy discussed above.

In summary, biomarkers have humerous potential roles to play both at the bedside and in the
design and conduct of clinical trials. Given the heterogeneous nature of AKI and the
difficulty, so far, in developing effective therapies, a strategy that deploys all of our available
tools in the treatment and in study of treatments would seem prudent.
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Executive summary
What is acute Kidney injury?

. Functional changes are neither necessary nor sufficient to define acute kidney
injury (AKI) as it is occurring.

Clinical assessment for AKI

. AKI decreases chances of survival and doubles hospital costs — yet only a
small fraction of those at risk for AKI develop it. Thus it is difficult to apply
time-consuming and potentially resource-intensive interventions to all such
patients.

Application of AKI biomarkers

. Biomarkers can be used to enrich populations so as to focus resources or
clinical investigation on those most likely to benefit.

Future perspective

. In the future, new markers of cell stress may alter the way we think about
clinical tests — risk assessment, not just diagnosis.
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Function

Time

Figure 1. Shown is the relation between function and time in the setting of a set of hypothetical
insults (A-C)

In the most straightforward scenario, insult A occurs in the setting of normal function (1)
and following the insult function declines (2). Function may also recover (3) or there may be
discernible change (4). Baseline function may already be impaired (line 5). Functional
decline may also be due to an extrarenal process (e.g., shock) and only later does damage
(B) occur. Finally, many patients may have multiple insults (A—C) occurring over time.
Some may be ‘silent’ (C), others may occur after (B) the initial insult.
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Figure 2. Results for urine neutrophil gelatinase associated lipocalin normalized by urine
creatinine (uCr) in cases with acute kidney injury (AKI) versus controls without

The solid line separates the cohort into two risk groups (high: 1 in 8 and low: 1 in 35). The
dashed line further separates the low risk group into moderate risk (1 in 13) and very low
risk (1 in 100). NGAL: Neutrophil gelatinase associated lipocalin; uCr: Urine creatinine
Adapted with permission from [16].
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Diagnostic criteria*and staging for acute kidney injury.

Page 12

Stage  Serum creatinine

Urine output

initiation of renal replacement therapy OR, in patients <18 years, decrease in eGFR to
<35 ml/min per 1.73 m?

1 1.5-1.9-times baseline OR = 0.3 mg/dl (>26.5 pmol/l) increase <0.5 ml/kg/h for 6-12 h
2 2.0-2.9-times baseline <0.5 ml/kg/h for 212 h
3 3.0-times baseline OR increase in serum creatinine to >4.0 mg/dl (353.6 umol/l) OR <0.3 ml/kg/h for =24 h OR Anuria for 212 h

*

A diagnosis of acute kidney injury is based on a change in serum creatinine or urine output. For serum creatinine the increase should be at least
50% from baseline that is known or inferred to have occurred within 1 week or a documented increase in serum creatinine of at least 0.3mg/dl
within 48 hours. Once the diagnosis of AKI is made, using either of the criteria, the patient is staged according to the worse criteria in each domain.

Reproduced with permission from [3].
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Table 2

Hypothetical clinical decision-making based on biomarker results.

Decision type

Very low risk 1 in 100 Moderate risk 1 in 13 High risk 1in 8

Admission Discharge or admit to low intensity ~ Admit to low intensity unit ~ Admit to ICU or high intensity unit
unit
Monitoring: urine output SCr  No catheter, routine 1/0 daily No catheter, strict I/O daily ~ Foley catheter q.12h I/O
Medications No change Avoid nephrotoxins Consult pharmacist on dosing and
selection
Subspecialty consultation No No Yes
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Table 3
Roles for biomarkers in clinical trials.
Application Pros Cons
Entry criteria (inclusion or Increases absolute differences and statistical power. Reduces harm Limit target population. Could
exclusion) in prevention trials necessitate biomarker for use
— Enrichment Exclude low-risk patients
— Narrow for effect Exclude cases where drug cannot help (e.g., wrong etiology, injury

already occurred). Also increases relative differences

Adjudication of end points

— Increase end point detection Increases number of events in placebo arm. Increases absolute
differences and statistical power

Increases number of events in
treatment arm

— Improve adjudication accuracy Increases likelihood of finding effect

Requires acceptance of the
biomarker, influenced by marker
accuracy
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