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Abstract

Acute kidney injury (AKI) is a common complication in the critically ill. Current standard of care 

mainly relies on identification of patients at risk, haemodynamic optimization, avoidance of 

nephrotoxicity and the use of renal replacement therapy (RRT) in established AKI. The detection 

of early biomarkers of renal tissue damage is a recent development that allows amending the late 

and insensitive diagnosis with current AKI criteria. Increasing evidence suggests that the 

consequences of an episode of AKI extend long beyond the acute hospitalization. Citrate has been 

established as the anticoagulant of choice for continuous RRT. Conflicting results have been 
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published on the optimal timing of RRT and on the renoprotective effect of remote ischaemic 

preconditioning. Recent research has contradicted that acute tubular necrosis is the common 

pathology in AKI, that septic AKI is due to global kidney hypoperfusion, that aggressive fluid 

therapy benefits the kidney, that vasopressor therapy harms the kidney and that high doses of RRT 

improve outcome. Remaining uncertainties include the impact of aetiology and clinical context on 

pathophysiology, therapy and prognosis, the clinical benefit of biomarker-driven interventions, the 

optimal mode of RRT to improve short- and long-term patient and kidney outcomes, the 

contribution of AKI to failure of other organs and the optimal approach for assessing and 

promoting renal recovery. Based on the established gaps in current knowledge the trials that must 

have priority in the coming 10 years are proposed together with the definition of appropriate 

clinical endpoints.
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Introduction

The field of acute kidney injury (AKI) has been hampered by the long-standing lack of a 

standardized system for identifying and classifying this syndrome. The concept of AKI dates 

from the consensus RIFLE definition of 2004, which rationalized a plethora of historic 

definitions of clinical acute renal failure (ARF) and pathologic acute tubular necrosis (ATN), 

into a standardized definition based on fold increase in serum creatinine (SCr) or 

progressively severe oliguria [1]. Armed with this standard definition a vast amount of 

literature rapidly emerged describing the risks and associations of acute renal dysfunction, 

accompanied by the newly coined term AKI, better “encompassing” a full clinical spectrum 

of renal dysfunction following focal and systemic insults. Through multiple iterations a 

unified consensus definition, the Kidney Disease Improving Global Outcomes (KDIGO) 

classification, has finally been introduced (Fig. 1) [2]. This definition/classification has 

substantially increased our insights into the epidemiology of the AKI syndrome and has 

facilitated clinical and research communication in the field. In this article, we will address 

the intensive care medicine agenda on AKI.

What is the current standard of care?

AKI is one of the most common complications of critical illness and is associated with 

serious short- and long-term complications. Over the last 10 years, research and quality 

improvement projects have focused on understanding the pathophysiology and epidemiology 

of AKI, identifying high-risk patients, diagnosing AKI earlier and developing strategies to 

prevent and treat AKI (Fig. 2).

Identification of high-risk patients

Identifying patients who are at increased risk of AKI may result in earlier diagnosis, 

avoidance of potentially nephrotoxic exposures and better informed decision-making. Risk 
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assessment tools and scores for AKI are relatively well established in patients undergoing 

cardiac surgery or receiving iodinated contrast [3, 4]. Despite their potential benefits, the 

danger of any risk assessment tool is their potential for deterring clinicians from deploying 

investigations or treatments which they consider potentially nephrotoxic, but may otherwise 

benefit the patient. The clinical benefits and potential dangers of the existing AKI scores 

have not been formally studied. Moreover, no established risk scores for AKI are available in 

more common patient groups, such as general surgical patients or acutely ill medical 

patients.

Strategies for prevention of AKI

1. Haemodynamic management to prevent septic AKI: sepsis is one of the most 

common causes of AKI. The main factors contributing to septic AKI are 

microcirculatory dysfunction, inflammation and bio-energetic adaptive responses 

to injury, including downregulated metabolism and cell-cycle arrest [5]. Under 

certain circumstances blood pressure may also directly influence kidney 

perfusion and glomerular filtration [6]. However, the exact mean arterial pressure 

(MAP) and perfusion targets to prevent AKI in individual patients are not known. 

In patients with septic shock a higher blood pressure in patients with pre-existing 

hypertension appears to be associated with less AKI [7].

The practice of fluid resuscitation to improve renal perfusion and function in 

sepsis is particularly controversial. Although intravascular fluid administration is 

important in volume-depleted patients, it can be counterproductive and harmful 

once intravascular volume has been restored. Restricted fluid management (i.e. 

fluid administration only in case of severe tissue hypoperfusion) resulted in less 

AKI progression compared to standard fluid administration (i.e. fluid boluses as 

long as circulation continued to improve) [8]. An ancillary study to the ProCESS 

(Protocolized Care for Early Septic Shock) trial also showed that the 

development of AKI in patients with septic shock was not influenced by 

protocolized resuscitation using fluid, blood and vasopressors [9].

2. Haemodynamic management in surgery-associated AKI: recent large studies 

confirmed an association between the severity and duration of intraoperative 

hypotension and the development of AKI [10]. Perioperative haemodynamic 

optimization may effectively protect renal function in surgical patients; however, 

the optimal haemodynamic targets and strategies are not known [11]. Several 

inotropic drugs have been studied in cardiac surgery patients [12], but no single 

agent can be recommended with regard to renoprotection.

3. Non-haemodynamic measures: several pharmacological and non-

pharmacological interventions to prevent AKI have been studied, including 

selective renal vasodilators, adenosine, endocrine and anti-inflammatory 

strategies and remote ischaemic preconditioning (RIPC) [13, 14, 15]. None of 

them have shown consistent benefit or are routinely utilized in clinical practice.

4. Avoidance of nephrotoxicity: exposure to nephrotoxic drugs and agents is an 

important cause of AKI [16], especially when used in combination or in patients 
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with other risk factors. It is evident that whenever possible nephrotoxic 

substances should be replaced by non-nephrotoxic equivalents. On the other 

hand, essential substances should not be withheld if important for the 

management of the patient [17].

Early recognition of AKI

Ideally, renal function should be measured and monitored in real time so that AKI is 

diagnosed as soon as it occurs, allowing adjustments of clinical management and drug 

dosing. However, the diagnosis of AKI is based on an Scr rise and/or fall in urine output, 

two markers which are not renal-specific and have important limitations. Automated 

electronic alerts (e-alerts) configured from electronic medical records and clinical 

information systems to warn healthcare providers of early or impending AKI have been 

evaluated [18]. The only randomised controlled trial (RCT) performed to date showed no 

improvement in clinical outcomes [19] but more research is necessary to evaluate the impact 

of these systems on care processes, patient outcomes and healthcare resources. A variety of 

functional and damage markers have been identified and validated in humans [20, 21]. 

Despite their potential to detect the development of AKI prior to an Scr rise, up to now no 

outcome benefit has been demonstrated. Progress has been made in the development of 

optical measurement and imaging techniques, but to date these techniques remain research 

tools and have not been incorporated into routine clinical practice [22]. Another potentially 

useful method is kinetic eGFR that allows detection of a changing GFR in non-steady state 

[23, 24]. However, this method does not account for changes in creatinine production (due to 

sepsis and reduced muscle mass) and distribution volume that occur in critically ill patients.

Management of AKI

The clinical care of patients with established AKI has shown wide variability. The mainstay 

of management consists of prevention of further damage by correcting hypovolaemia, 

individualized haemodynamic resuscitation and avoiding further nephrotoxic insults, but 

there are no agreed standards of care. There is also no effective pharmacological treatment to 

reverse AKI and induce repair. In the last few years, a major advance has been the 

recognition that “more” is not necessarily better. This is particularly relevant to fluid therapy 

where several studies have highlighted that not only the choice of fluid [25, 26] but also 

overzealous fluid administration is associated with harm to kidney function [27, 28]. To 

date, the optimal amount and preferred type of fluid for AKI patients remain unknown, but 

starches should no longer be used.

Renal replacement therapy (RRT) is applied to 10–15% of critically ill patients with AKI. 

Figure 3 gives an overview of the current standard of care in RRT in critically ill patients 

with AKI. Continuous RRT (CRRT) is the predominant form, being the initial modality in 

more than 75% of patients [16]. Despite data from RCTs and official guidelines, there is 

considerable variation in the delivery of CRRT. Even in areas where evidence exists [i.e. a 

target delivered dose of 20–25 ml/kg/h or the use of regional citrate anticoagulation (RCA)], 

practice varies. Some variation can be explained by local factors; others are due to existing 

knowledge gaps (i.e. optimal timing of RRT), but also the paucity of clearly defined high-
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quality indicators focused on the prescription, delivery and monitoring of the quality of 

CRRT care [29].

Information transfer and follow-up

Survivors of AKI have a higher risk of long-term complications, including the development 

of chronic kidney disease (CKD) and dialysis-dependent end-stage renal disease (ESRD), 

cardiovascular complications and premature mortality. Nevertheless, kidney dysfunction is 

poorly documented in ICU discharge documents and nephrological follow-up is infrequent 

[30, 31]. Whether there is a role for robust pathways to monitor and screen AKI survivors to 

improve long-term outcomes has not been formally studied.

Major recent advantages

Defining and detecting acute kidney injury (AKI)

By relying on urine output and SCr changes, the KDIGO definition still limits timely and 

accurate AKI diagnosis and likely neglects subclinical forms of kidney dysfunction and 

damage [22, 32]. Biomarkers of structural kidney damage may be used to rule out AKI or to 

detect the presence of subclinical AKI, but may also provide a false positive AKI diagnosis 

especially in the setting of CKD [33]. At present two biomarkers are available for clinical 

use: neutrophil gelatinase-associated lipocalin (NGAL) and the combination of urinary 

insulin-like growth factor-binding protein (IGFBP) 7 and tissue inhibitor of 

metalloproteinases (TIMP) 2, two markers of cell-cycle arrest [20, 21]. These biomarkers 

appear specific and sensitive enough to be used in conjunction with existing markers of AKI 

for better stratifying renal injury. Whether the use of biomarkers impacts on clinical 

decisions and contributes to better prevention and management of AKI remains to be proven.

Long-term consequences of AKI

Increasing evidence suggests that the consequences of an episode of AKI are not limited to 

the acute hospitalization. Indeed, several observational trials, mainly based on analyses of 

databases, have shown an association of AKI with long-term mortality (mainly from 

cardiovascular diseases) and an increased risk for progression to CKD and need for chronic 

RRT [34]. Experimental data have established a pathophysiological basis for this AKI—

CKD link [35].

Renal replacement therapy (RRT)

Anticoagulation—To maintain filter and circuit patency, anticoagulation is required. As 

the application of heparin is associated with several complications [mainly bleeding and 

heparin-induced thrombocytopenia (HIT)], the interest in RCA has increased [36, 37]. It has 

now become clear that compared with systemic heparin, RCA is associated with increased 

filter lifespan, reduced bleeding and transfusion rates and a lower incidence of HIT, 

however, without effect on mortality [38]. On the basis of these data, the KDIGO guidelines 

suggest using RCA as a first-line anticoagulant for CRRT when no contraindications are 

present.
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Timing—The KDIGO guidelines recommend to commence RRT without delay in case of 

life-threatening complications [39]. In all other clinical scenarios, the guidelines leave it to 

the expert opinion of the treating physician [39]. The majority of previous observational 

studies suggest some beneficial effects of early initiation of RRT in critically ill patients with 

AKI [40]. However, the conclusions of several meta-analyses were based on heterogeneous 

studies with varying definitions and high risk of bias because the “early” group may have 

included patients that received RRT unnecessarily and patients not receiving RRT were not 

included. Two recently published RCTs were designed to identify the optimal timing for 

RRT. In the single-centre ELAIN study [41] the delayed strategy was associated with a 

significant increase in mortality in 231 KDIGO stage 2 patients. In the multicentre AKIKI 

trial [42], the delayed strategy could avoid RRT in 49% of the patients, but no effect on 

mortality was found in 620 KDIGO stage 3 patients. Apart from the differences in trial size 

and KDIGO stage, ELAIN predominantly enrolled (cardiac) surgery patients and AKIKI a 

mix of general ICU patients.

Remote ischaemic preconditioning (RIPC)

RIPC, inducing brief bouts of ischaemia at a remote site, is thought to diminish renal 

damage by releasing signaling molecules that activate Toll-like receptors in the proximal 

tubule epithelia, conditioning the epithelium to tolerate subsequent inflammatory or 

ischaemic stress [43, 44]. Recently, three multicentre RCTs were completed to test the 

hypothesis that RIPC would attenuate AKI following cardiac surgery. In 240 cardiac surgery 

patients at high risk for AKI, RIPC reduced the rate and severity of AKI, need for RRT, 

duration of ICU stay, and urinary concentrations of IGFBP-7 and TIMP2 compared with the 

sham procedure [45]. These results were not confirmed in two large multicentre double-

blind RCTs [46, 47]. The discrepancy may be explained by a lower risk for development of 

AKI and the use of total intravenous anaesthesia with propofol that may abrogate the 

protective effects of RIPC [48]. Meta-analyses conclude that RIPC attenuates AKI following 

coronary angiography, but that the benefits after cardiac surgery are uncertain [15, 49, 50].

Common beliefs that have been contradicted by recent studies

ATN is the predominant histopathology of AKI

The misconception that ATN is the predominant histopathology of AKI results from the 

initial post-mortem and biopsy findings in patients with severe AKI treated from the 1950s 

to the 1970s, most of whom had trauma and haemorrhagic shock as the trigger for AKI. In 

modern ICUs, such causes of AKI are now uncommon with sepsis, cardiac surgery and other 

major-surgery-associated AKI accounting for the vast majority of cases. In these patients, 

rapid post-mortem studies suggest tubular injury to be local and patchy, and ultimately only 

one of the multiple factors leading to AKI in this setting [51].

Septic AKI is due to global renal ischaemia

Unsupported inferences drawn from analogy with other forms of shock such as cardiogenic 

shock and haemorrhagic shock [52] have led to the notion that septic AKI is predominantly 

due to global ischaemia. The limited data on renal blood flow (RBF) measurements in 

patients with established septic AKI show that global RBF is preserved or even increased 
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[53]. Similar results are obtained in animal studies [54]. Nevertheless, in contrast to global 

ischaemia, compromised local blood flow resulting in proximal and distal tubule and 

medullary ischaemia may affect nephron integrity [5].

Aggressive fluid therapy is the standard of care in patients with AKI

The inferences based on analogy with true hypovolemic shock as may be seen with severe 

infections of the gastrointestinal tract (cholera, viral or bacterial gastroenteritis) and its 

associated AKI, which typically responds to rapid intravenous fluid therapy, have led 

clinicians to apply this paradigm to almost all other, now dominant, forms of AKI in 

developed countries (septic or post-operative AKI). In these patients, multiple studies 

confirmed an independent association between a positive fluid balance and mortality, likely 

due to interstitial oedema [55], and no evidence of benefit with fluid boluses on 

haemodynamics, renal function or patient outcomes [56]. There are no studies showing that 

aggressive fluid therapy or a positive fluid balance are beneficial to kidney function in any 

setting outside of major known and visible volume losses as seen with gastroenteritis or 

fistulae or other forms of body fluid losses and overwhelming evidence of possible harm [9].

Intensive vasopressor therapy worsens AKI severity

The misconception that intensive vasopressor therapy worsens the severity of AKI has a dual 

origin: animal models of AKI based on injection of high doses of norepinephrine directly 

into the renal artery and the wide belief that excessive renal vasoconstriction as a result of 

neurohumoral activation is the main pathophysiological mechanism underlying AKI in 

sepsis [52]. However, large animal data have clearly shown that hyperdynamic sepsis results 

in an increased, not decreased RBF [57]. The extrapolation of these data to humans is 

hindered by the absence of reliable tools to measure RBF in clinical practice. In the 

experimental setting, vasopressors improve kidney function [54] and several clinical studies 

with both norepinephrine and vasopressin have shown improvement, not deterioration, of 

kidney function with vasopressor-induced increases in MAP in patients with sepsis [58], 

hepatorenal syndrome and post cardiac surgery [6].

High dose RRT improves outcome

Two large multicentre RCTs [59, 60] did not show improved outcome with an almost 

doubling of the RRT dose. Using even higher doses in the setting of sepsis also had no effect 

on outcome [61]. This may have two reasons: (1) the artificial kidney is a limited-quality 

replacement of the natural kidney and (2) the potential benefit of RRT is neutralized by 

increased side effects. Compared with the natural kidney, the artificial kidney indeed only 

partially replaces excretory function (with limited and unselective clearance) and is very 

rudimentary in the regulation of water, acid—base and electrolyte balances, lacking the fine-

tuning achieved by renal tubules. In addition, RRT lacks the blood pressure-regulating, 

metabolic and endocrine function of the kidney and does not correct the consequences of 

AKI on the immune system and remote organ dysfunction. RRT also has potential side 

effects related to the indiscriminate removal of both “good” (drugs, antibiotics, nutrients) 

and “bad” solutes, treatment-induced hypotension and electrolyte disturbances, exposure to 

the extracorporeal circuit (mainly the membrane) and the complications of dialysis catheter 

insertion, dwelling and circuit anticoagulation.
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Remaining uncertainties (Table 1)

Is all AKI equal? To what extent does the cause of AKI determine treatment and outcome?

AKI is a clinical syndrome encompassing multiple disease states with differing causes [62]. 

Similarly, septic AKI has been consistently associated with less severe histopathology than 

ischaemic or nephrotoxic ATN [63]. Thus, while the concept of AKI as a ‘disease’ 

represents a great stride forward in defining the condition, it may have shifted focus away 

from aspects of AKI specific to its aetiology that might permit better understanding of risk 

factors, treatment and prognosis. Future research should focus on the nature as well as 

severity of AKI to understand to what extent all AKI is broadly similar and to what extent 

management needs to be individualized to specific aetiologies of AKI and the clinical 

context.

Can we predict AKI early enough to modify outcome?

Therapeutic interventions aimed at limiting the risk of AKI or mitigating the consequences 

of renal insult have failed to demonstrate any benefit [39]. Most of the trials performed to 

date suffer from the unavoidable delay between renal injury and intervention. In addition to 

delayed biochemical diagnosis, over 80% of AKI complicating critical illness is present on 

ICU admission or develops within 2 days [64] precluding early preventative intervention. On 

the other hand, as 70% of patients with stage 1 AKI at admission go on to develop more 

severe AKI, further renal injury probably occurs during the ICU stay [64], providing the 

opportunity to mitigate AKI progression. Imprecise identification of the early tubular 

pathophysiology of AKI using conventional diagnostic criteria may be the key factor 

preventing early enough intervention. Consequently, numerous plasma and urinary 

biomarkers of tubular injury or more precise measures of glomerular function have been the 

subject of intense study [65]. However, while demonstrating statistical association with the 

development of AKI is relatively easy, proof that use of a biomarker translates into improved 

clinical outcomes is much harder [66]. As a consequence, there are currently no positive 

prospective RCTs of biomarker-driven interventions for AKI, nor are any novel biomarkers 

considered ready for incorporation into AKI diagnostic systems [67]. Combining biomarkers 

with other clinical parameters is an attractive way to improve the diagnostic ability [68]. 

However, a major problem in further refining prediction models is non-availability of an 

adequate gold standard for early AKI diagnosis [69], with candidate biomarkers judged 

against SCr-defined AKI—the imperfect standard we are seeking to improve. Future efforts 

may thus need to examine the clinical benefits of biomarker-driven interventions as a dual 

demonstration of diagnostic accuracy of the biomarker and clinical utility of the early 

intervention.

How do we optimize use of RRT to improve outcomes in AKI?

Despite extensive research and numerous adequately powered RCTs in thousands of 

patients, optimal modality, timing and dose of RRT remain controversial. The ongoing 

uncertainty with regard to the optimal modality relates to concerns such as subsequent risk 

of CKD [70], along with identification of specific subgroups (e.g. patients with fluid 

overload) in which a specific modality may be favoured [71]. In addition, the heterogeneity 

of patients, organizational and practical issues, along with the impact of variable prescription 
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and execution [72] may have acted as unadjusted confounders and blurred evidence and 

conclusions. Future studies should account for this heterogeneity in carefully implementing 

multifaceted interventions while considering underlying risk factors.

What is the causative role of overt or subclinical AKI in the pathogenesis of multi-organ 
failure (MOF) and can any AKI-targeted treatment favourably affect patient outcomes in 
critical illness?

Experimental evidence suggests that AKI may promote or worsen extrarenal organ 

dysfunctions [73, 74]. Cardiorenal syndrome remains the best known and explored example 

of the close entanglement between renal dysfunction and other organs. Available data in 

animals suggest that AKI not only promotes fluid overload and its subsequent systemic 

consequences but is also associated with lung injury, hepatic dysfunction, small intestine 

epithelial cells apoptosis and neurological inflammation with behavioural changes [74]. 

Interestingly, these organ cross-talks are bidirectional, ventilation strategies in animals being 

associated with risk of further renal dysfunctions [75]. The clinical burden and implications 

of these experimental findings remain largely unknown. Exploring these interactions may 

clarify their clinical relevance, open fields of research of the underlying mechanisms and 

ultimately provide new opportunities for prevention not only of renal dysfunction but also of 

systemic consequences of AKI.

How do we define renal outcomes after AKI and how can we then optimize renal functional 
recovery?

While the short-term association between AKI and hospital mortality is well understood, the 

association between AKI and long-term adverse outcomes is now increasingly appreciated 

[76]. Development of CKD underpins this association as it is strongly associated with 

ongoing increased risk of death [77], particularly from cardiovascular causes [78]. However, 

assessment of long-term renal dysfunction and risk of progressive CKD after AKI can be 

very difficult. Loss of muscle mass associated with critical illness may significantly 

confound the use of SCr to assess renal functional recovery [79, 80]. Even when glomerular 

filtration rate (GFR) is more accurately assessed, loss of renal functional reserve [81] may 

increase long-term risk of CKD even when measured GFR is apparently normal. 

Importantly, proteinuria may be as important a risk factor for cardiovascular disease, 

recurrent AKI and progressive CKD as diminished GFR [82]. Overall, better methods are 

needed to determine completeness of renal functional recovery and prognosis after AKI. 

These may involve novel biomarkers or systematic measurement of renal function/functional 

reserve and traditional measures such as proteinuria. With better identification of those at 

risk, strategies to retard or prevent the development of CKD might be implemented to 

improve the long-term outcomes in AKI survivors.

The top ten trials to be performed in the next 10 years

As mentioned earlier, few clinical trials have demonstrated improvement in clinically 

important outcomes for critically ill patients with AKI. Where improved outcomes have 

been observed, data are often derived from trials prone to bias. Examples of bias include 

single-centre studies (limited generalizability), inadequate sample size (prone to type I error 
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and exaggerated effect estimates), predominate use of surrogate endpoints (excretion of 

tubular injury markers, change in SCr), studies in which the primary exposure is 

heterogeneous (acute kidney injury is a complex and variably expressed syndrome), or the 

use of non-standardized endpoints (receipt of RRT where variability in practice may be 

influenced by provider bias), or short-term endpoints (28-day mortality or worsening of AKI 

stage). Such inadequacies are highlighted, for example, by the early studies on dosing of 

RRT where improved survival benefit was observed with higher dosing schedules, but this 

did not translate to similar benefits in larger RCTs [61, 62]. Interestingly, in general the few 

positive studies in ICU patients tend to follow a “less is more” philosophy that suggests that 

our drive to compensate for normal physiological responses may not always be appropriate.

The lack of trial success can be explained in part by the heterogeneity of AKI, by difficulties 

in early diagnosis with the current definition, as well as the lack of consistent clinically 

relevant endpoints. The inability to accurately phenotype the underlying cause of AKI in a 

timely manner has hindered appropriate patient selection and risk identification for 

interventions in clinical trials. The increasing availability of biomarkers (in tandem with 

clinical risk scoring) may assist in the early identification of patients at risk of or with early 

AKI [83]. Figures 2 and 4 illustrate how biomarkers may be integrated into trial design to 

better identify patients most likely to benefit from a particular intervention. Indeed, more 

recent trials have integrated biomarker use to guide eligibility [41, 84].

Furthermore, future trials aimed at evaluating novel interventions for AKI should have 

clinically important endpoints which may include receipt of RRT (with caveats in terms of 

criteria) and/or development of or worsening CKD and mortality. Composites of this may be 

used such as MAKE30, MAKE60 and MAKE90 (major adverse kidney events) which include 

death, new dialysis and worsening kidney function [defined in this case as a sustained fall in 

estimated GFR (eGFR) of greater than 25%] at 30, 60 and 90 days after the diagnosis of 

AKI by KDIGO criteria [85]. Such patient-centred clinically important endpoints negate the 

arguments that the adverse outcomes after (particularly mild) AKI may simply be a result of 

the underlying phenotype and not related to AKI at all [86, 87]. More recently, it has been 

suggested that a better understanding of the risk for ESRD after AKI could inform the 

design and execution of clinical trials. For example, in clinical trials of CKD progression, a 

30% decline in eGFR has been suggested as an alternative surrogate endpoint for ESRD, 

which may enable better-powered trials with a smaller sample size than the traditionally 

accepted surrogate endpoint of doubling of SCr [88,89].

Illustrated in Fig. 4 and Table 2, the following clinical trials would both inform and improve 

outcomes in AKI and advance the field over the next decade:

1. Biomarker-guided initiation of RRT: although the optimal strategy for starting 

RRT remains uncertain, several ongoing trials may provide some guidance for 

future practice. However, clarity of clinical phenotypes integrated with 

prognostic biomarkers that aid prediction of spontaneous renal recovery 

following insult may guide timing trials in a different direction to that of current 

practice.
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2. Best practice studies: AKI treatment bundles: therapeutic (i.e. pharmacological) 

interventions for treatment of AKI associated with specific clinical conditions 

have traditionally been the focus of the majority of trials. Improving the 

outcomes of AKI patients may also primarily depend on the quality of various 

processes of care used to monitor, investigate and manage AKI. Such a study 

would parallel the management of patients with acute lung injury where 

protocol-driven ventilator management, fluid prescription and infection control 

measures have contributed to reduced mortality over time.

3. Best practice studies: AKI prevention bundles: following the same rationale, the 

application of targeted care bundles in patients at high risk of AKI such as high-

risk surgery is needed. Studies on application of the KDIGO care bundles are 

currently being performed in cardiac surgery.

4. Best practice studies: e-alert impact: the impact of e-alerts on care processes/

outcomes should be further examined. This could be tailored to specific at-risk 

populations (i.e. post-operative) and focus on care processes such as reducing 

unnecessary nephrotoxin exposure.

5. RCT fluid type focused on renal outcomes: although the balanced solutions 

versus saline argument rages, patient selection is paramount. Studies in patients 

at high risk for AKI are needed. Also, an adequately powered study comparing 

conservative fluid prescription titrated to physiological parameters to usual 

practice may provide evidence to better inform on best practice and harm 

avoidance in patients at risk.

6. RCT on discontinuation of CRRT: there has been a paucity of data to inform on 

when to ideally liberate patients from RRT. A kidney outcome and health 

economic evaluation-based study using conventional indicators of kidney 

recovery, such as urine output, creatinine excretion or rate of spontaneous decline 

in SCr, would advance the field considerably.

7. RCT of fluid removal strategies (non-extracorporeal) in preventing AKI: 

circumstantial evidence has accumulated to suggest volume overload is 

associated with worsening of AKI and non-renal major morbidity. An adequately 

powered study in at-risk patients using accepted therapeutic approaches should 

be performed.

8. RCT impact of AKI survivor follow-up on long-term kidney function: the long-

term risks for CKD and ESRD following AKI are well established, as is the 

paucity of follow-up. No RCT has examined the effects of specific protocol-

driven interventions on patients surviving AKI.

9. Protein loading to measure renal functional reserve: protein loading may be used 

to determine functional reserve, and thus improve risk stratification for future 

studies. Also, clinical effects of GFR augmentation, e.g. pre-operatively, need to 

be explored.
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10. Specific pharmacological interventions: naturally, ongoing research will reveal 

new relevant pathways in the development of AKI and specific compounds that 

intervene in these pathways will need to be tested.

Although it is unlikely that all studies will be undertaken in the next 10 years, we hope that 

study design and particularly phenotypic identification will further our knowledge base and 

translate into improved outcomes for AKI patients.

Conclusion

AKI is frequently observed in critically ill patients and associated with impaired outcome. 

Consensus criteria facilitate to assess epidemiology more accurately. In the future, novel 

biomarkers and real-time assessment of GFR may possibly lead to adjustments of the 

definition of AKI, and to more swift recognition of AKI. This will facilitate novel strategies 

for prevention and treatment of AKI and guide our decision-making related to initiation and 

stopping of RRT as supportive treatment.
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Fig. 1. 
Kidney Disease Improving Global Outcomes (KDIGO) classification. Classification of AKI 

according to KDIGO criteria, defining three grades of severity of AKI on the basis of either 

the creatinine or urine output criteria
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Fig. 2. 
Current standard of care. This figure illustrates the absence of injury and functional 

biomarkers (other than creatinine) and clinical follow-up in current practice. Different tools 

that are available for prevention, early detection, treatment and aftercare are depicted
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Fig. 3. 
Current practice in RRT for AKI. The current standard of timing, vascular access, modality, 

dose, anticoagulation and weaning from renal replacement therapy. RCT randomised 

controlled trial, US ultrasound, CRRT continuous renal replacement therapy, IHD 
intermittent haemodialysis
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Fig. 4. 
Research items to address. The use of potential diagnostic biomarkers could risk stratify 

those at highest risk of imminent kidney injury. These highest risk individuals could then be 

enrolled in RCTs evaluating novel therapeutics or processes of care. Also biomarkers could 

be used to guide the start and discontinuation of RRT. Clinical effects of prevention and 

treatment bundles as well as e-alert systems should be established. Protein loading to 

determine renal reserve may aid risk stratification and may also exert therapeutic effects by 

GFR augmentation. Effects of fluid types and fluid removal strategies on renal endpoints 

need to be determined. Clearly well-defined clinically relevant endpoints should be 

integrated. Naturally, as more relevant pathways in the development of AKI will be 

discovered, new pharmacological interventions that influence these pathways will need to be 

investigated. Finally, more attention should be paid to long-term follow-up, both for renal as 

well as other organ endpoints
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Table 1

Remaining uncertainties in the field of AKI

Is all AKI equal? Should management be individualized to specific aetiologies? Do different aetiologies have different prognosis?

Can we predict/detect AKI early enough to modify outcome? Should biomarkers be incorporated in the diagnosis? Can the use of biomarkers 
result in earlier intervention and thereby improve prognosis?

How do we optimize the use of RRT? Does RRT modality affect long-term renal outcome? What are the optimal parameters to guide timing of 
RRT?

What is the role of overt or subclinical AKI in the failure of other organs and can an AKI-specific therapy prevent or mitigate multiple organ 
failure?

How do we define renal recovery after AKI and how can it be optimized?
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Table 2

Clinical trials to be conducted in the field of AKI

RCT comparing early versus late RRT initiation with inclusion guided by biomarker(s) of non-recovery

RCT assessing the impact of an AKI care bundle compared with standard of care on clinically important endpoints in patients with (early) AKI

RCT assessing the efficacy of an AKI care bundle compared with standard of care for prevention of AKI in specific populations at high risk

Cluster randomised trial evaluating the impact of e-alerts on the process of care and clinically important outcomes in specific at-risk populations 
(e.g. post-operative patients)

An adeguately powered RCT comparing the renal outcome of saline with balanced crystalloid in patients at high risk of AKI and presumed to 
reguire large volume resuscitation. The effects on renal function of conservative fluid prescription titrated to physiologic parameters compared 
with usual care should also be assessed

RCT assessing the impact on renal outcome and health economics of using specific indicators for RRT discontinuation versus usual care

RCT assessing the impact of a fluid removal strategy versus usual care on the development of AKI in patients with fluid overload

RCT assessing the impact of nephrological follow-up of AKI survivors on long-term kidney function and mortality

Analysis of the association between renal functional reserve (measured with acute protein loading) and short- and long-term renal outcome. 
RCT comparing the impact of preoperative GFR augmentation by acute protein loading on post-operative development of AKI

RCT(s) evaluating the efficacy of pharmacologic treatments intervening in (newly discovered) pathophysiological pathways in the development 
of AKI
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