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Abstract
Recent advances in the detection of acute kidney injury 
(AKI) afford the possibility of early intervention. Pro-
teomics and genomics have identified many markers of 
tubular cell injury, some of which are manifest in the 
urine. One trial has used novel injury biomarkers to 
recruit patients to an intervention prior to an elevation 
in plasma creatinine. This trial and other recent stud-
ies have shown that the use of biomarkers of injury 
will depend on the time the patient presents following 
insult to the kidney, the likely cause of that insult, and 
the pre-injury renal function of that patient. The defi-
nition of AKI is likely to change in the near future to 
include a measure of injury. We anticipate novel thera-
pies becoming available following successful trials that 
utilize the methodology of early intervention following 
an elevated injury biomarker.
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INTRODUCTION
Critical care medicine has responded impressively over 
the last few decades to the challenges of  acute lung 
injury, cardiac arrest, and sepsis, but not so well to the 
challenge of  acute kidney injury (AKI). Recent consen-
sus definitions have helped establish the incidence to be 
about 35% to 70% in the intensive care unit (ICU)[1,2], yet 
other than renal replacement therapy (RRT) there are no 
established treatments.

AKI has several etiologies including renal ischemia, 
nephrotoxic injury, and AKI complicating sepsis, which 
complicate detection and treatment. Almost inevitably 
diagnosis is only at the late stages of  the disease, or ret-
rospectively. This is because of  the reliance on serum 
creatinine as a marker of  glomerular filtration rate (GFR).

Creatinine is formed from creatine in the muscles, at 
a constant rate, and with a molecular weight of  113 Da is 
freely filtered at the glomerulus. When kidney function is 
normal the rate of  production of  creatinine is matched 
by the rate of  renal excretion. If  GFR decreases, plasma 
creatinine slowly increases to a new steady state con-
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centration that reflects the new GFR. At normal GFR 
the half-life of  creatinine is about 4 h. This increases as 
GFR decreases, thus only after 24-72 h (3 to 5 half  lives 
with lower GFR) will a new steady state concentration be 
reached. The current consensus definition of  AKI [risk, 
injury, failure, loss, end-stage (RIFLE)[3]], of  AKI requires 
at least a 50% increase in plasma creatinine. This results 
from at least a 33.3% rapid decline in GFR[4]. The delay 
in a measurable increase in plasma creatinine is further 
exacerbated by accuracy of  plasma creatinine measure-
ments; nephrologists typically look for changes of  at least 
10% before accepting these. Additionally, the practice of  
fluid administration in the ICU dilutes creatinine concen-
tration[5]. Figure 1 illustrates a delayed increase in plasma 
creatinine following a decrease in GFR (estimated by a 4-h 
creatinine clearance) of  a patient from the EARLYARF 
trial[6].

Inevitably, delayed diagnosis means delayed treatment. 
In the case of  AKI the clinician’s options are limited. 
They may minimize harm by withdrawing nephrotoxins, 
and may attempt to replace or increase circulating volume 
by fluid-loading, or, in worst case, initiate RRT. Recent 
evidence suggests that fluid-loading (rather than a neutral 
fluid-balance) may be detrimental rather than supportive, 
potentially reducing options further[7]. Delayed diagnosis 
may also contribute to the failure of  many interventions 
that were promising under experimental conditions in 
animals[8].

Recent advances in proteomics and genomics have 
breathed new life into the quest for successful treatment 
of  AKI. The search for specific and sensitive injury bio-
markers has become a global focus of  the nephrology 
and critical care communities. The paradigm is quite sim-
ple; following insult to the kidney a molecule is released 
into the urine or plasma where it is detected and treat-
ment initiated before, or soon after a decrease in GFR. 
There has been considerable success in identifying can-
didate biomarkers[9-12]. In this review we explore whether 
these new biomarkers will supplant or merely support 
creatinine in the ICU.

The patient undergoes an immediate decline in GFR 
(4-h-creatinine clearance; open circles) of  38% in 24 h. 
The increase in plasma creatinine (closed circles) is not 
detectable until 48 h and peaks as a 46% increase only at 
72 h. The subsequent decline in plasma creatinine sug-
gestive of  recovery is also delayed compared with the 
increase in creatinine clearance 24 h earlier. Error bars are 
± 10% indicating measurement uncertainty (Figure 1).

THE EARLY INTERVENTION PARADIGM
The EARLYARF study was the first trial to employ kid-
ney injury biomarkers of  AKI to recruit patients to the 
intervention arm of  a randomized control trial of  a novel 
intervention[6]. Described as a “glimpse of  the future”[13], 
this trial illustrates the challenges faced by this new para-
digm.

On entry to the ICU, at 12, 24 h, and then daily for 7 d 

the urine of  at risk patients were monitored for elevated 
concentrations of  the brush border enzymes alkaline 
phosphatase (AP) and γ-glutamyl-transpeptidase (GGT). 
These biomarkers were chosen on the basis of  a pilot 
study which had shown them to be highly sensitive and 
specific for AKI[10] and because they could be measured 
in a hospital diagnostic lab with rapid turnaround. Since 
the inception of  the EARLYARF trial in 2005 a number 
of  other biomarkers, discussed below, have proven to 
hold out greater promise as early injury biomarkers, some 
of  which have now entered commercial production and 
could be used for future early intervention trials. AP and 
GGT were normalized to urinary creatinine concentra-
tion to account for variation in water reabsorption and, 
in order to avoid false positives, the product GGT × AP 
> 46.3 was used to recruit patients to an intervention of  
either two doses of  high dose erythropoietin (500 U/kg) 
or placebo (normal saline) 24 h apart. Erythropoietin 
was chosen for its anti-apoptotic property and follow-
ing success in animal studies in ischaemic/repurfusion 
injury[14,15]. The primary outcome was the difference in 
the mean relative average value of  creatinine (RAVC) of  
the two groups. The RAVC is the average plasma creati-
nine increase from baseline as a percentage of  baseline 
creatinine[16]. The difference in the mean RAVC between 
control and treatment groups is more sensitive to small 
differences in renal function than a categorical marker 
such as RIFLE[16,17].

Lessons on use of early biomarkers
The EARLYARF trial did not show Erythropoietin to be 
an effective early intervention in AKI, however, it did not 
preclude this possibility. This is because of  the limited 
utility shown by GGT × AP as a recruitment tool. Whilst 
GGT × AP > 46.3 did select patients with more severe 
illness and at greater risk of  AKI, needing RRT, and 
death from the general ICU population there was still a 
considerable risk of  AKI in those not triaged. Analysis 
of  the time profile of  GGT × AP taken from a putative 
time of  insult (determined retrospectively) showed that 
GGT × AP is most likely to be elevated in the first 12 h 
following insult. For many patients entering the ICU the 
putative time of  insult was more than 12 h earlier, par-
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Figure 1  Delayed diagnosis. ICU: Intensive care unit.
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ticularly in the case of  progressive diseases such as sepsis. 
An analysis of  the timing of  the first dose of  the study 
drug showed that it was administered a median 12.9 h 
following putative insult, outside the experimentally de-
termined optimal treatment window of  within 6 h of  in-
jury for erythropoietin[14]. Thus, the first lesson is that in-
jury biomarkers have a temporal window of  opportunity 
following injury in which they are diagnostic. If  the time 
from insult is unknown a negative biomarker is not nec-
essarily indicative of  no-injury or no change in function. 
Given the relative short duration of  elevation of  some of  
these biomarkers the second lesson is that repeated mea-
sures of  biomarkers about 3-6 h apart will be necessary 
to avoid false negatives by missing the temporal window 
of  opportunity.

In addition to AP and GGT four other urinary in-
jury biomarkers were measured, namely: kidney injury 
molecule-1, neutrophil-gelatinase-associated-lipocalin 
(NGAL), interleukin-18 and cystatin C (CysC). Each 
demonstrated a unique temporal profile[18]. Furthermore, 
as had been demonstrated with NGAL[19], the diagnostic 
performance was shown to depend on the underlying 
baseline (normal) renal function. Optimal diagnostic abil-
ity for each biomarker depended on the combination of  
both time from insult and pre-injury renal function. For 
example, CysC was diagnostic of  AKI when measured 6 
to 12 h from insult in those with estimated baseline GFR 
(eGFR) of  90 to 120 mL/min with an area under the 
receiver operator curve, AUC, of  0.89 (95% CI: 0.70-1), 
but was not diagnostic of  those with lower eGFR during 
the same time period. The third lesson is that biomark-
ers must be chosen according to each patient’s pre-injury 
renal function.

There have been a proliferation of  studies identifying 
potential AKI biomarkers in addition to those already 
described, including liver-fatty acid binding protein[20], al-
bumin[21], netrin[22], α- and π-glutathione-S-transferase[10,23], 
and β2-microglobulin[24]. There are several recent reviews 
which cover the potential of  several biomarkers to be 
early markers of  AKI and describe their pathophysiol-
ogy[11,12,25,26]. The most studied of  biomarkers is plasma 
and urinary NGAL. A meta-analysis of  19 clinical studies 
involving more than 2500 patients resulted in an overall 
AUC of  0.82 (0.73-0.89) for diagnosis of  AKI. The AUC 
in critically ill patients was lower, 0.73 (0.62-0.83)[27]. The 
AUC for prediction of  RRT was 0.78 (0.65-0.92). This 
performance is good without being spectacular, however, 
as the authors report, it is similar to the AUC range for 
troponin detection of  myocardial infraction during its 
clinical implementation.

AKI injury biomarkers have been assessed almost ex-
clusively on the basis of  their ability to detect or predict a 
rise in plasma creatinine. This injury-function method is 
potentially misleading. It assumes that a change in func-
tion that results in an observable change in plasma cre-
atinine is more important than an increase in injury bio-
markers per-se. This remains to be seen. The subcategory 
of  biomarker positive/creatinine negative patients has 

received scant attention. Only one study has addressed 
this directly. Haase et al[28] analysed plasma and urinary 
NGAL data from 10 studies and concluded that NGAL-
positive/creatinine-negative patients were more likely to 
require RRT, more likely to die in hospital and had longer 
lengths of  ICU and hospital stay than NGAL-negative/
creatinine-negative patients. This illustrates the potential 
for an injury biomarker to stand alone from creatinine as 
a marker of  AKI. In this study patients with both an el-
evated NGAL and elevated creatinine were more likely to 
require RRT or die in hospital than those with only bio-
marker elevated. The fourth lesson is that future diagno-
sis will involve biomarkers of  both injury and function. 
Before this goal can be realized appropriate cutpoints for 
the various AKI injury biomarkers must be determined.

Injury biomarkers may loosely be classified as pre-
formed, such as brush border-enzymes AP and GGT, or 
induced (upregulated) through some injury mechanism, 
such as KIM-1 from tubular epithelial cells during the 
process of  dedifferentiation and re-proliferation[29,30]. 
Biomarkers pre-formed in the plasma (e.g., CysC and 
albumin) or absorbed into the plasma following tubu-
lar injury (e.g., NGAL) may also be present in the urine 
due to failure of  the tubular transport mechanisms to 
reabsorb them from the tubular fluid[31]. Potentially, an 
improved understanding of  disease pathways may lead to 
utilization of  biomarkers according to suspected cause of  
injury rather than the one biomarker fits all approach of  
the EARLYARF trial. The recent work of  the Predictive 
Safety Testing Consortium on pre-clinical nephrotoxic 
biomarkers is revealing in this respect, as not all biomark-
ers responded to all nephrotoxins. For example, urinary 
CysC and β2-microglobulin were elevated for Purco-
mycin and Doxorubin but not Cisplatin or Gentamicin 
whereas Clusterin was elevated for all these toxins[32]. The 
fifth lesson is that a panel of  biomarkers that respond to 
the range of  possible different AKI causes of  patients 
entering intensive care will be required to capture all 
cases.

We have argued that the removal of  a change in GFR 
(leaving only a change in the surrogate plasma creatinine) 
from the AKIN consensus definition of  AKI was a mis-
take[33,34]. Short duration creatinine clearance potentially 
provides an earlier indicator of  GFR than plasma creati-
nine (Figure 1) and new technologies are under develop-
ment which may lead to a direct, near real-time, measure 
of  GFR. We have reviewed these recently[30]. For exam-
ple, a device attached to a patient’s arm, the ambulatory 
renal monitor (ARM) measures the decay of  99mTc-DTPA 
for up to 24 h following a single injection. A change in 
GFR could be detected within 5-10 min[35,36]. A second 
technique involves two fluorescent markers, one cleared 
by the kidney and one not. The ratio between these 
markers when observed with imaging of  blood vessels 
in the skin of  rats provided a measure of  GFR[37,38]. The 
sixth lesson is that rapid measures of  GFR may provide 
an adjunct to injury biomarkers for the early detection of  
AKI.
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Plasma CysC has been proposed as an alternative sur-
rogate of  GFR to plasma creatinine. CysC is a low molec-
ular weight protein, 13.3 kDa, produced at a constant rate 
and freely filtered through the glomerulus[39]. Unlike cre-
atinine it is reabsorbed in the proximal tubule by megalin-
facilitated endocytosis[31]. CysC has one-third the volume 
of  distribution of  creatinine meaning that any loss of  
renal function will be reflected by a more rapid rise in 
plasma CysC than plasma creatinine. Herget-Rosenthal 
et al[40] first demonstrated the potential of  plasma CysC 
in the ICU. In a group of  44 patients the mean time to 
an increase of  50% in CysC was 1.5 ± 0.6 d earlier than 
the mean time to an increase of  50% in creatinine. In the 

larger EARLYARF trial the difference in time for each 
individual was calculated resulting in a mean difference 
of  5.8 ± 13 h[41]. While these differences appear mod-
est, sampling was still 12 to 24 h apart and investigations 
with more frequent measurement will determine if  CysC 
may detect loss of  GFR on shorter time scales. Because 
it is likely to respond to changes in GFR more quickly 
than creatinine, sampling of  CysC is likely to need to be 
more frequent to observe these changes. CysC also has 
the advantage that it is less influenced by muscle mass 
(and hence, sex and age) than plasma creatinine, however 
it is influenced by thyroid dysfunction, some cancers 
and glucocorticoids[42-44]. The assumption of  a constant 
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Table 1  Possible future modes of diagnosing acute kidney injury

AKI diagnosis Timing Staging Examples

Injury biomarkers Within 0-12 h of injury and 
every 3 to 6 h

Cutpoints of concentrations Urinary NGAL, cystain C, IL-18, KIM-1, 
GGT, L-FABP, Plasma NGAL

Functional measurements Any time following injury Change from a baseline 4 h creatinine clearance, ARM urine output
Surrogates of function 12 h to 7 d post injury Change from a baseline Plasma creatinine, plasma cystatin C

NGAL: Neutrophil-gelatinase-associated-lipocalin; IL-18: Interleukin-18; KIM-1: Kidney injury molecule-1; GGT: γ-glutamyl-transpeptidase; L-FABP: Liver-
fatty acid binding protein; ARM: Ambulatory renal monitor; AKI: Acute kidney injury.

Patient entry to 
ED or ICU

Tasks

Estimate 
baseline GFR

Estimate possible 
cause of AKI

Estimate time 
from insult

Select 
biomarker 

panel

Is a biomarker
elevated?

More than 12 h
from insult?

Wait 4 h Measure

Monitor function and 
for further injury

Initiate RRT,
or recovery,

or death

Initiate treatment
No

Yes

No Yes

Figure 2  Potential algorithm for utilizing an acute kidney injury injury biomarker on arrival in the emergency or intensive care unit. ICU: Intensive care unit; 
RRT: Renal replacement therapy; GFR: Glomerular filtration rate; AKI: Acute kidney injury.
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production rate of  CysC has yet to be investigated in the 
critically ill. Any switch to CysC would involve consider-
able expense, partly because of  the more complex assay 
methods and also because to be effective it would need 
to become widely measured outside of  the ICU as well. 
The final lesson is that plasma CysC has the potential to 
supplant creatinine as a surrogate measure of  renal func-
tion, although there is insufficient evidence to justify the 
expenditure of  replacing creatinine.

FUTURE PERSPECTIVE
AKI will be diagnosed using multiple definitions incor-
porating injury biomarkers, functional measurement, and 
surrogates of  function (Table 1). The earliest diagnosis 
will be by either an elevated injury biomarker or a change 
in a functional measure of  GFR. Injury biomarkers will 
be measured on arrival in an emergency department of  
ICU. One elevated biomarker (e.g., 2 times above the 
normal upper limit[45]) may be sufficient to diagnose AKI. 
However, the absence of  an elevated injury biomarker 
would not exclude the possibility of  AKI because of  the 
possibility that the time between the injury and the mea-
surement is outside of  the window of  opportunity for 
that biomarker. As with the use of  troponins to monitor 
for myocardial infarction, repeated measurements of  
AKI injury biomarkers a few hours apart will be neces-
sary. A measurement of  function, either through a brief  
creatinine clearance, possible now, or a device such as the 
ARM monitor in the future, may be used to aid diagnosis. 
However, definitive diagnosis will only be possible if  a 
baseline GFR has been measured (e.g., prior to surgery) 
or can be estimated with reasonable accuracy. For many 
critically ill patients the value of  monitoring function will 
be as an early indication of  hospital acquired AKI and 
will continue to be important for deciding when to initi-
ate RRT. Urine output will continue to be used, although 
recent evidence suggests that it is often associated with 
physiological changes other than AKI[46]. Surrogate mark-
ers of  function, particularly creatinine, which are the 
current primary tool for diagnosing AKI will still have a 
place, but because they are a very much later diagnosis 
their value will be limited to when the window for the 
particular injury biomarkers has been missed, and when 
the first plasma surrogate measurement is within the 
normal range. Increases in the plasma surrogate would 
suggest an earlier loss of  function. Figure 2 is a possible 
algorithm for implementation of  injury biomarker of  
AKI in the ICU.

CONCLUSION
Novel injury biomarkers will soon be incorporated into 
the definition of  AKI alongside current surrogates of  re-
nal function. These biomarkers will change practice in the 
ICU once efficacious early intervention treatments are 
discovered. These will require randomized control trials 
which utilize the trial methodology of  the EARLYARF 
trial, namely recruitment following elevation of  an injury 

biomarker. Plasma creatinine will continue to play a role 
as a functional marker until replaced by a more respon-
sive functional marker such as plasma CysC or a rapid 
measure of  GFR.
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