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ABSTRACT:

Acute Kidney Injury (AKI) is a growing epidemic and is independently associated with increased risk of death,
chronic kidney disease, and cardiovascular events. Randomized-controlled trials (RCTs) in this domain are
notoriously challenging, and many clinical studies in AKI have yielded inconclusive findings. Underlying this
conundrum is the inherent heterogeneity of AKI in its etiology, presentation, and course. AKI is best
understood as a syndrome, and identification of AKI subphenotypes is needed to elucidate the disease’s
myriad etiologies and tailor effective prevention and treatment strategies. Conventional RCTs are logistically
cumbersome and often feature highly selected patient populations that limit external generalizability, and
thus alternative trial designs should be considered when appropriate. In this narrative review of recent
developments in AKI trials based on the Kidney Disease Clinical Trialists (KDCT) 2020 meeting, we discuss
barriers to and strategies for improved design and implementation of clinical trials for AKI patients, including

predictive and prognostic enrichment techniques, the use of pragmatic trials, and adaptive trials.



INTRODUCTION

Acute Kidney Injury (AKI) is a growing epidemic and is independently associated with increased morbidity and
mortality, including in critically ill and perioperative populations. Studies have shown that even modest
postoperative changes in serum creatinine levels are associated with poor clinical outcomes, including chronic
kidney disease, cardiovascular events, and death(1)(2). As a condition that affects 13.3 million people
worldwide, causes 1.7 million deaths globally per year, and lacks effective treatments other than supportive
care(3)(4), AKI has a widespread impact on the entire medical community(5). AKI is associated with an
estimated $24 billion in hospitalization costs in the United States and accounts for 1% of the overall National
Health service budget in the United Kingdom, reflecting an enormous impact on society(6).

While animal studies investigating the prevention and treatment of perioperative AKIl have seen varying levels
of success, human studies remain largely inconclusive(7),(8). Underlying this conundrum is the inherent
heterogeneity of AKl in its etiology, presentation, and course. Understanding the etiology-specific mechanism
of renal injury is crucial in developing targeted treatment and prevention strategies. While recent consensus
guidelines have standardized criteria defining AKI (Risk, Injury, Failure, Loss of kidney function, and End-stage
kidney disease [RIFLE] guidelines, Acute Kidney Injury Network [AKIN] criteria, Kidney Disease Improving
Global Outcomes [KDIGOQ]), these rely on imperfect biomarkers like serum creatinine and urine output that
merely approximate kidney function, and detectable changes in these biomarker levels frequently lag behind
the inciting injury and correlate poorly with the trajectory of disease(9). In this narrative review of
developments in AKI trials based on the Kidney Disease Clinical Trialists (KDCT) 2020 meeting, we explore

barriers to and strategies for improved design and implementation of clinical trials for AKI patients.

LEARNING FROM PRIOR TRIALS: LESSONS FROM STOP-AKI AND REVIVAL
STOP-AKI was randomized, double-blind, placebo-controlled, four-arm, parallel-group, and dose-finding
adaptive phase 2a/b study investigating the safety, tolerability, and efficacy of human recombinant alkaline

phosphatase (recAP) in the treatment of patients with sepsis-associated AKI. The trial involved 53 recruiting



sites across 11 countries in North America and Europe and ultimately enrolled 301 patients admitted to the
ICU with sepsis and AKI(10).

The study’s primary objective was to evaluate the effect of recAP on kidney function, and the primary
endpoint was the mean time-corrected Area Under the Curve (AUC) of Endogenous Creatinine Clearance (ECC)
for the first seven days of illness. RecAP did not significantly improve short-term kidney function at seven days
compared to placebo, however the authors observed a delayed improvement in kidney function, which was
statistically significant at 21- and 28-day timepoints. In reviewing exploratory endpoints, the 1.6mg/kg recAP
group exerted a differential treatment effect and a 40% reduction in mortality compared to placebo at day 28,
and this mortality difference persisted through day 90.

There are several possible explanations for the lack of significance in short-term improvement of kidney
function across recAP and placebo groups. Despite randomization, there was a slight imbalance in baseline
kidney function between groups, favoring placebo. It has previously been shown that the degree of initial
kidney dysfunction can prognosticate the extent of eventual recovery and survival(11), and as such, the more
impaired starting kidney function in the recAP group may account for the absence of more pronounced
improvement in the first week of treatment. The 1.6mg/kg recAP group featured 7.7-9.9 mL/min/1.73m?
lower initial ECC, which accounts for approximately 50% of the assumed treatment effect of 19mL/min/1.73m?
used to power the study. The results were therefore affected by survivorship selection bias, in that severely il
patients randomized to the recAP treatment group survived in greater numbers than comparably ill patients
randomized to the placebo group. This mortality benefit allowed for survival of patients with lower ECC in the
treatment arm compared to the placebo arm. In other words, comparable patients may have survived with
impaired renal function in the treatment group and died earlier — before assessment of renal function —in the
control group. The seven-day timeframe may therefore have been too short, since differences in recovery of
ECC only became apparent at later timepoints (at day 21 and 28). In the setting of sepsis, kidney injury is
heterogeneous throughout the renal parenchyma, and ECC is a delayed and non-specific metric of

function(12). An intervention like recAP that is thought to reduce damage and improve organ function could



prevent maladaptive repair mechanisms such as fibrosis, which may only show signs of ECC recovery after
several weeks. Finally, creatinine and its clearance are of limited precision in estimating kidney function in
critically ill patients(13).

The trialists behind the ongoing REVIVAL Study (REcombinant human alkaline phosphatase in sepsis
associated-AKI surVIVAL trial) learned from the pitfalls encountered in the STOP-AKI trial, and they adapted
the study’s protocol accordingly. REVIVAL is a randomized, double-blind, placebo-controlled, two-arm,
parallel-group, multi-center, phase 3 trial to investigate the efficacy and safety of recAP for treatment of
patients with sepsis-associated AKI (Table 1)(14).

Compared to its STOP-AKI predecessor, REVIVAL focuses on a more homogenous patient population, using
refined criteria to exclude patients with only mild AKI and to instead include patients requiring vasopressor
support who are at higher risk of death (See “Prognostic Enrichment” section below). An optimized protocol
allows for earlier diagnosis of AKI and more expedient progression to treatment with recAP. Systematic
consecutive screening is performed for all patients with sepsis receiving vasopressor infusions who exhibit AKI
and do not meet exclusion criteria. Instead of four arms (0.4, 0.8, and 1.6mg/kg dosing groups versus placebo),
REVIVAL features only two arms: 1.6mg/kg recAP dose versus placebo control.

In another important contrast to STOP-AKI, REVIVAL’s primary endpoint is all-cause mortality at 28 days. This
raises important questions regarding the selection of clinical endpoints (See “Optimizing Outcome Selection”
section below). Endpoints like all-cause mortality are of particular importance when there is improved survival
despite impaired renal function, as has been observed in the setting of heart failure (15). While AKI may be a
suitable endpoint for safety analysis or preventive studies, it does not represent a patient-centered outcome
(PCO) and may even be dissociated from important PCOs like survival in patients with established AKI. For this
reason, endpoints such as the sustained loss of kidney function or the use of Major Adverse Kidney Events
(MAKE) are increasingly used, which combine survival and renal recovery endpoints (Table 2)(16)(17). The

authors of REVIVAL anticipate enrollment of 1,400 patients in the main study population from 120 sites across



13 countries in North America, Europe, and Japan, lasting two to three years with preliminary results available

in 2023.

UNDERSTANDING AKI: NEW PERSPECTIVES

AKl is a common phenomenon affecting critically ill patients, however current diagnostic criteria suffer from
limited early detection. Among patients presenting to the emergency department with sepsis, for example,
50% were found to have already developed AKI, and an additional 19% developed AKI within seven days of
admission(18). Even hemodynamically stable patients presenting with acute illness appear to be exceedingly
susceptible, as 34% of patients presenting with community-acquired pneumonia without evidence of shock
were found to develop AKI. By the time AKI is detected, renal insults have already occurred, thwarting
attempts at meaningful prevention(9)(19).

Underlying the conundrum of AKI are the myriad pathophysiological mechanisms leading to a similar clinical
phenotype, many of which may fester subclinically despite resolution of grossly evident clinical findings. The
Kidney Precision Medicine Project (KPMP) employs strict inclusion and exclusion criteria to collect and analyze
renal biopsies, but even with these stringent criteria in place, significant heterogeneity exists among AKI
cases(20). Interestingly, despite clinical recovery at time of discharge, near-contemporaneous biopsies reveal
subclinical cellular processes suggestive of ongoing insults to and remodeling of the renal parenchyma that
could ostensibly predispose to chronic kidney disease (CKD). Identification of crosstalk patterns between
immune cells and epithelial and stromal cells may reveal specific targets for precision therapies.

Evidence is emerging to support an additional common subtype of acute renal injury: perioperative AKI. This
variant involves etiologically unique insults to the renal parenchyma, many of which are iatrogenic sequelae of
surgery and anesthesia. Several perioperative risks have been well described, including basic demographic
predictors, type and urgency of surgery, and cardiovascular comorbidities. In the setting of anticipated
perioperative insult, prevention of AKI is paramount, yet randomized clinical trials to date have failed to

identify effective prophylaxis. A POISE-2 sub-study analysis demonstrated no significant difference in



perioperative AKI treated with either aspirin or clonidine versus placebo(21). The RELIEF trial failed to
demonstrate improvement in surgical outcomes with a restrictive fluid balance compared to less restrictive
fluid resuscitation, however the former treatment group was found to be associated with double the rate of
perioperative AKI(22). Hypotension and subsequent hypoperfusion of the renal parenchyma are thought to
predispose to kidney injury, yet the threshold effect remains unclear, with some studies suggesting mere
minutes of mean arterial pressure less than 55 mmHg to be associated with AKI while others posit that longer
periods of hypotension are needed to induce injury(23)(24)(25). Similarly, a debate regarding the renal impact
of relative versus absolute hypotension persists in the literature. Studies have demonstrated that patients
treated with individualized blood pressure management (i.e. targeting within 10% of the patient’s baseline
pressure) compared to treatment of absolute hypotension reduced the risk of post-operative organ
dysfunction, although reduced rates of AKI in the individualized management group did not achieve statistical
significance(26). Large observational studies from perioperative databases, however, have demonstrated

absolute — not relative — hypotension to be associated with postoperative AKI(27).

THE AKI SPECTRUM: IMPLICATIONS FOR PATIENT AND POPULATION SELECTION

There are multiple known factors that influence the development and manifestation of AKI, most notably
sepsis, hypotension, hypovolemia, nephrotoxic drugs, heart failure, liver failure, and/or surgical insult. The
pathophysiology and clinical presentation can vary dramatically, thus contributing to the syndrome’s
notorious heterogeneity. Indeed, AKI is more aptly described as a syndrome rather than an individual disease,
as it is associated with multiple risk factors, disease modifiers, and outcomes, and its trajectory varies
considerably based on the severity and etiology of insult. For Instance, hemodynamic factors likely play a
greater role in perioperative AKI than they do in septic AKI. Fluid restriction and hypotension (both absolute
and relative) have been shown to increase the risk of perioperative AKI, while hemodynamic optimization
appears to reduce this risk. By contrast, the impact of hemodynamic optimization remains unclear in septic

AKl, in which renal insults may be primarily caused by circulating mediators (damage- and pathogen-



associated molecular patterns [DAMPs, PAMPs]), rather than from hypoperfusion(28). Interestingly, all stages
of hospital-acquired AKI appear to be associated with increased mortality compared to community-acquired
cases, which reinforces the importance of etiology and underlying conditions in delineating clinical
outcome(29).

A direct effects-based approach is perhaps the most common design for clinical trials investigating AKI,
wherein a homogenous population undergoing a procedure is randomized to different interventions, and
subsequent rates of AKI are then evaluated and compared between the groups. The PRESERVE trial, for
example, was a randomized trial with two-by-two factorial design comparing sodium bicarbonate versus
normal saline and N-acetylcysteine versus placebo in patients at high risk for AKI following contrast
angiography (30). The results were ultimately neutral, finding no significant differences between the groups,
and although 10% of all enrolled patients experienced AKI, only a fraction of these ultimately suffered
persistent loss of renal function.

The heterogeneity of AKI underlies clinical and biological differences observed in patient characteristics, and
these differences are associated with inter-individual variation in the incidence of illness, risk of outcomes,

and response to treatments.

Prognostic Enrichment

A simplified approach to prognostic and predictive enrichment is often feasible and allows trialists to better
control population heterogeneity, such as in septic patients (Figure 1)(31). A heterogeneous cohort of patients
presenting with a disease of interest (e.g. AKI) are separated into low- and high-risk mortality subphenotypes
based on prognostic enrichment(32)(12). While the low-risk subphenotype proceeds with standard care, the
high-risk group can be further stratified by predictive enrichment into different endotypes — subtypes of AKI
defined by distinct functional or pathophysiologic mechanisms — to tailor mechanism-specific treatments.
Factors influencing subphenotypes of AKI could be classified into three major sets of variables: clinical,

physiologic, and biochemical. For most clinical trials investigating AKI, the disease stage often represents the



key variable of prognostic enrichment(33). This measure of illness severity is known to be associated with
worse clinical outcomes, as evidenced by the ELAIN and AKIKI timing-of-dialysis trials(34)(35). An example of a
prognostic enrichment strategy is in the ongoing REVIVAL study(14). Based on results from the preceding
STOP-AKI trial, a lower baseline ECC correlated with a log-linear higher relative hazard ratio for mortality in
Cox regression (36). Consequently, in the subsequent REVIVAL trial, only patients with sepsis associated-AKI
and an estimated glomerular filtration rate (eGFR) less than 60 mL/min/1.73m? at baseline will be enrolled in
the study, as these patients are expected to benefit most from treatment with recAP.

Another emerging criterion for prognostic enrichment in the perioperative setting is the physiologic premise
of renal reserve, as determined by delivering a protein load and measuring both resting and “stressed”
glomerular filtration rates and then calculating the difference to find the reserve function(37). Patients with
reduced reserve function at baseline are more likely to experience AKI and other adverse clinical outcomes.
Biomarker-based prognostic enrichment is emerging as an increasingly popular approach to clinical trials. The
PrevAKI Trial stratified patients undergoing cardiac surgery who were at high risk for AKI based on the urinary
ratio of Tissue Inhibitor Metalloproteinase-2 (TIMP-2) to Insulin-like Growth Factor Binding Protein-7 (IGFBP-

7), and these groups demonstrated significantly different rates of postoperative AKI(38).

Predictive Enrichment

Molecular subphenotyping is another promising approach to prognostic and predictive enrichment in clinical
trials. AKI subphenotypes identified by latent class analysis and defined by the ratio of angioprotein-2/-1 and
soluble Tumor Necrosis Factor Receptor-1 (sTNFR1) levels were found to better stratify the risk of poor clinical
outcome compared to KDIGO criteria(39). Interestingly, the Vasopressin and Septic Shock Trial (VASST) of 2008
showed no difference in 28-day mortality among patients in septic shock when comparing the use of
vasopressin to norepinephrine vasopressor infusions. However, when VASST patients were later stratified
according to these molecular subphenotypes, the high-risk subphenotype suggested a significant

improvement in 90-day mortality with use of vasopressin compared to norepinephrine(39).



An even more nuanced approach to predictive enrichment involves genomic determinants. A study of
Caucasian patients undergoing cardiac surgery with cardiopulmonary bypass analyzed the association
between allelic frequencies of guanine-thymine (GT) repeats in the heme oxygenase-1 gene promoter
(HMOX1) and post-operative rates of AKI, finding that patients with the longer polymorphism were associated
with increased risk compared to patients with shorter repeats(40).

Approaches to predictive enrichment based on biologic determinants have explored mitochondrial
dysfunction in AKI. A placebo-controlled phase 1 study of oral nicotinamide, a precursor of nicotinamide
adenine dinucleotide (NAD+) biosynthesis, demonstrated dose-related increases in NAD+ metabolites, whose
reductive properties are thought to be protective and were subsequently found to be associated with reduced
incidence of AKI(41).

By contrast, the Euphrates randomized clinical trial serves as an example of timing determinant-based
predictive enrichment in evaluating AKI as a metric of organ dysfunction in sepsis. In this study, septic patients
were deemed eligible for enrollment based on the timing of continuous vasopressor support (=2 hours, <30
hours) and were then randomized to either real or sham polymyxin B hemoperfusion to selectively remove

endotoxin from circulation(42).

Subphenotyping in AKI Trials: Next Steps

USE OF MACHINE LEARNING MODELS

Moving forward, the field requires more streamlined clinical stratification of high-risk patients. This may
require stricter and more explicitly standardized definitions for AKI and its recovery patterns (e.g. including
the Acute Kidney Disease stage in patients not recovering within seven days) in order to better delineate risk
profiles predictive of outcome(33). Ultimately, this push to better identify high-risk patients may involve
machine learning (ML) algorithms and real-time integration with electronic medical records. The advantage of
machine learning algorithms is that they flexibly integrate many predictors as well as complex interactions into

a composite signature, which can be higher powered than that of individual biomarkers. Recent works in ML



for AKI demonstrate promising results(43)(44)(45)(46). In retrospective analyses, the ML models were able to
predict AKI with lead times of two to seven days with Areas Under the Curve (AUCs) exceeding 0.8. Indeed, ML
models appear to outperform simple models that depend on a single biomarker (e.g. serum creatinine) by
accounting for and analyzing detailed patient histories, such as trends in vital signs and lab values.
Nevertheless, these models have only been evaluated on observational datasets. To truly evaluate their
clinical utility, we must conduct randomized clinical trials with ML-based risk stratification of patients and
demonstrate clinically significant improvement in patient outcomes (Figure 2). Moreover, many of these ML
models can only output predictions given detailed measurements for an immense number of variables.
Unfortunately, only a subset of these measurements are typically available due to differences in clinical
practice patterns and hospital resources. Additionally, several ML models are described as “black box”
algorithms, meaning that the contribution of each predictor is not directly available to the user. Given that
high-dimensional ML models are difficult to transport across medical sites and deploy for clinical trials, more

work is needed to simplify these models in order to improve their usability and generalizability.

USE OF ADAPTIVE ENRICHMENT TRIAL DESIGN

The field may also benefit from “adaptive enrichment designs” that learn and incorporate a signature for
patients who are most likely to benefit from treatment and subsequently update entry criteria to enrich for
this patient subgroup within the context of a single trial(47). When there is a subgroup that truly benefits from
treatment, these designs can improve power compared to a standard, non-enriched design. The adaptive
approach is advantageous when the development of reliable biomarkers is difficult using available data (due
to problems of confounding, small sizes in early-phase randomized trials, the high-dimensionality of patient
covariates, etc.), in which case a non-adaptive enrichment design may be less appropriate. Using statistical
methods that appropriately account for mid-trial adaptations(48), adaptive enrichment trials efficiently
combine the tasks of development and validation of targeted agents and can considerably reduce the total

time spent on both tasks. Finally, clinicians and researchers alike need to more closely monitor patients’



clinical course using both kidney-specific and systemic biomarkers. This will ultimately require universal
accessibility of said biomarkers by means of point-of-care testing with rapid, actionable results, allowing for
dynamic profiling of disease progression. The NIH’s Kidney Precision Medicine Project (KPMP) will shed new
light on the intricacies of AKI and its disease mechanisms, but the KPMP must be paired with process-of-care

studies as well as with pooled data from existing clinical trials.

EXPLORATION OF NOVEL BIOMARKERS

Identification of AKI is based primarily on increased serum creatinine (sCr) and decreased urine output.
Decreased urine output lacks specificity, and increased sCr lacks sensitivity and can be significantly delayed
beyond the timing of the actual insult, thus obscuring the disease’s true timeline and trajectory(13). AKI
diagnosed solely by reduced urine output is problematic and is rarely used in clinical studies. Furthermore, the
kinetics of increased sCr in AKlI have numerous confounders including dilution by intravenous fluid
resuscitation and acute changes in creatinine generation, rendering sCr-based AKI| outcomes imprecise
reflections of actual renal injury or of significant changes in glomerular filtration. It is incumbent on the
nephrology and critical care communities to work together to develop biomarkers that are more specific,
more sensitive, and allow for improved subphenotyping of AKI. The Kidney Health Initiative (KHI) is working
diligently in this capacity, developing a “Roadmap” to explore unmet needs in the study and treatment of
AKI(20).

In an effort to accelerate biomarker development, the KHI Roadmap has identified key use cases for
biomarkers and how they could advance patient care, milestones for success in biomarker development,
major challenges slowing biomarker development, and strategies to overcome these challenges and build
momentum for biomarker development and adoption(49). Stakeholders in the success of biomarker
development and adoption are myriad and include clinicians, government agencies, industry professionals,
diagnostic companies, and patients. A helpful biomarker should 1) predict which patients are more likely to

develop AKI in response to a drug or procedure, predict which patients may respond to a drug or intervention



to treat AKI, or predict progression of AKI to chronic kidney disease (CKD) and end-stage renal disease (ESRD)
or other important clinical outcomes (e.g. death, cardiovascular events), 2) assess the presence of kidney
injury early in the disease course (i.e. diagnostic biomarker), and/or 3) measure AKI recovery in response to a
drug or intervention (i.e. prognostic biomarker).

To meet these ambitious goals of biomarker development, we must overcome important hurdles to technical
implementation. To our knowledge, only two trials to date have used AKI biomarkers for predictive
enrichment with very low discriminative value(38)(50). Community efforts must be focused, selecting one or
two specific use cases and choosing to pursue a limited set of biomarkers within these cases. Biomarkers
should be optimized to address community needs, which requires improved precision in defining AKI
subphenotypes by using panels of complementary biomarkers(39)(29)(51). Focused workshops and targeted
funding should be employed to incentivize biomarker development, and a consortium of research groups
should be established to pool biomarker data and collaborate on validation efforts in AKI trials. Finally,
clinicians and researchers alike must educate patients and the non-medical community about the potential
benefits of biomarker use in AKI and the profound ways in which effective biomarkers could advance patient

care by improving our understanding of this disease.

OPTIMIZING OUTCOME SELECTION

While AKI and its prevention remain valuable endpoints, many studies have moved to harder, patient-
centered outcomes (Table 2). An important limitation in choosing AKI defined by serum creatinine as a primary
endpoint for renal function is the inconsistent association observed between this event and mortality.
Following initiation of angiotensin converting enzyme inhibitors or in the setting of heart failure, for example,
slight increases in serum creatinine are frequently associated with survival(52)(53)(54)(55). Prevention of
perioperative AKIl in the setting of cardiac surgery, however, does not appear to be associated with improved
survival(56). Hemodilution as well as muscle atrophy and decreased creatinine production can distort the

accuracy of serum creatinine in estimating renal function, and given these inherent limitations, the use of



cystatin C may be a more accurate assay in evaluating AKI recovery(57). AKI recovery, or alternatively
progression to Chronic Kidney Disease (CKD, defined by non-recovery three months after AKI diagnosis)
including end-stage renal disease (ESRD), are important outcomes given their impacts on survival, quality of
life, and cost of subsequent care. Given the modest incidence of renal non-recovery(58), choosing this
endpoint may require substantially larger sample sizes to ensure adequate statistical power compared to
studies involving more common outcomes. Patient-centered outcomes also include Major Adverse Kidney
Events (MAKE), a combined endpoint of death, indication for renal replacement therapy, and/or non-recovery
of renal function. This combined endpoint encompasses multiple events, thereby increasing the overall event
rate and thus the power to detect differences between groups. However, while death and non-recovery are
obvious patient-centered outcomes, indication for renal replacement therapy (RRT) as an outcome per se is
encumbered by enormous heterogeneity in practice(59). The criteria prompting a valid indication for RRT as
well as the decision to initiate this therapy can vary dramatically across providers and institutions, and
therefore this endpoint, although clinically important, is often challenging to interpret. An alternative
endpoint may be the presence of severe AKI characterized by Stage 2 or 3 disease as defined by objective
laboratory measures, thereby circumventing the heterogeneity in defining valid RRT indications and the
misclassification that could potentially ensue. Endpoints in AKI studies are most often evaluated 28 to 90 days
after trial enrollment. Notably, the 90-day timepoint mirrors the timeline for diagnosis of chronic kidney
disease following AKI (Table 2). Finally, all-cause mortality remains an important patient-centered outcome, as
this endpoint accounts for the many contributors directly affecting the risk of death beyond AKI, but large

sample sizes are required to detect signal.

A PRAGMATIC APPROACH TO CLINICAL TRIALS IN AKI
Clinical trials historically enroll highly selected patients, have complex protocols with multiple study
procedures, and include many outcomes that often require external adjudication. Trials with these

characteristics can be slow, expensive, and offer limited generalizability. This scenario describes an



explanatory trial, which uses “ideal experimental conditions” to test a causal hypothesis and assess efficacy.
Pragmatic trials, by contrast, rely on real-world conditions to inform choices between treatment or strategy
approaches, thereby assessing effectiveness. Ultimately there is a tradeoff between achieving high internal
validity in explanatory trials and high generalizability in pragmatic trials(60). One of the major pitfalls of clinical
trials in AKl is the unrealistic effect size estimation of a given intervention leading to falsely negative results,
and these trials may therefore miss an opportunity to identify efficacy (or harm) in the studied population.
Pragmatic trials involving a larger number of patients may partially overcome this issue. Additionally, moving
beyond the frequentist statistical approach by using Bayesian analysis and identification of heterogeneity of
treatment effects can refine our ability to identify potential benefit or harm among the studied population and
subgroups.

In contrast to conventional explanatory trials, pragmatic trials offer interventions via clinical care delivery by
non-trialist providers who are otherwise performing routine care. Pragmatic trials offer the possibility of
evaluating treatments or strategies whose impact on outcome is unclear. Outcomes are often evaluated
indirectly via data collected in the course of routine clinical care. Given these imperfect experimental
conditions, statistical noise is anticipated. Cluster randomization — an approach that is often preferred or
required for pragmatic trials — requires incorporation of the intra-cluster correlation in outcomes into the
sample size determination, which typically increases the required sample size compared to trials employing
individual-level randomization. These limitations notwithstanding, advantages of a pragmatic approach
include highly generalizable findings, sustainable interventions, and efficient trial conduct.

Pragmatic trials are therefore ideal for 1) evaluating interventions with established efficacy to assess
effectiveness for the population of interest under real-world conditions, 2) investigating an intervention being
used clinically despite the absence of established efficacy (i.e., to assess its effectiveness compared to other
alternatives that are also in clinical use), or 3) evaluation of uptake improvement for interventions with

already established efficacy and effectiveness.



The COVID-19 pandemic has demonstrated how pragmatic trials can improve our medical knowledge and lead
to rapid implementation of strategies in clinical practice(61)(62). The use of shorter consent forms and
streamlined enrollment procedures for critically ill patients with COVID-19 has facilitated the rapid creation of
large sample sizes. We hope that similar efforts to streamline enrollment for pragmatic trials will be adopted
by AKI trialists. Certain cluster randomized trials may even feature an institutional waiver of consent that can
facilitate large multicenter studies across participating institutions. However, this approach poses a specific
drawback for AKI trials, which require meticulous follow-up intervals involving specimen collection and
biomarker evaluation. “Usual care” often does not allow for the detailed level of protocol adherence needed
for such studies, so informed consent is still needed in this case.

In practice, some trials combine elements of both pragmatic and explanatory designs(63). The latter remains
the gold standard for newly developed drugs or therapies and should be attempted whenever possible in
these scenarios. Pragmatic trials should be “fit for purpose” and should not be pragmatic merely for purposes

of convenience.

Thinking differently about pragmatic trials in AKI

Pragmatic trials are particularly relevant in AKI, as there are many existing treatments, strategies, and
interventions with clinical equipoise ripe for investigation. Among these, there is no clear “gold standard” and
all approaches fall within the standard-of-care, posing minimal or limited risk to the patient.

In addition to the traditional stakeholders for a clinical trial, stakeholders for pragmatic trials often include
health system leaders and on-the-ground clinicians. For a pragmatic trial to be successful, it is critical to
consider the priorities and concerns of these stakeholders. Health system leaders typically want the trials to
generate answers quickly and evaluate interventions that add value to the clinical experience while not
distracting from competing initiatives or from the quotidian demands of care delivery. Clinicians appreciate
minimal disruption to clinical workflow and seek answers to questions that are important to their practice.

Achieving fidelity to the protocol can pose significant challenges in pragmatic trials. Changing routine



behaviors is difficult, and engagement with on-the-ground clinicians is crucial in facilitating implementation.
Some degree of flexibility is required, but not so much as to compromise the core trial design, thereby

engendering a delicate balance that must be achieved. In this regard, there are many lessons to be drawn
from

Quality Improvement (Ql) programs and implementation science. Further, while electronic health records
(EHR) have enormous promise as sources of data, trialists would benefit from common data models, faster
data cleaning, and more expedient access to claims data(64)(65).

Alternatives to traditional adverse event reporting may be needed for pragmatic design. The trial outcomes
themselves may provide sufficient information about safety, and clinically acquired data that are not explicit
outcomes can also serve as safety data. Institutional Review Boards (IRBs) and Data Safety Monitoring Boards
(DSMBs) may need to be educated about the goals of the trial, as these alternative means of safety monitoring
may be perfectly appropriate in the correct setting.

If the intervention being studied poses no greater than minimal risk to the participant, the trial might meet
regulatory criteria for waiving the requirement for informed consent(66). Many pragmatic trials are
successfully conducted in this manner, but to move beyond “minimal risk trials,” the research and clinical
communities must come together to design an ethical consent process that does not require on-the-ground
research teams. For example, the Hilo trial to investigate phosphate targets in hemodialysis patients has
made use of electronic and remote consenting processes, which many IRBs have begun accommodating in the
COVID-19 era of restricted face-to-face availability(67)(68).

Additional examples of effective pragmatic trials investigating AKI include the SMART(69) and SALT-ED
trials(70), which compare balanced crystalloids to normal saline in critically ill adults. This was an open-label,
cluster-randomized controlled trial that compared Major Adverse Kidney Events at 30 days (MAKE-30s) in
patients receiving either 0.9% (normal) saline or balanced crystalloid and found the latter to be associated
with reduced incidence of MAKE-30.

A group at the University of California, San Francisco (UCSF) and Los Angeles (UCLA) and funded by the

International Anesthesia Research Society (IARS) is currently employing a pragmatic design to compare



vasopressors in the treatment of hypotension during general anesthesia for major surgery (VEGA-1)(71).
VEGA-1 is a pragmatic cluster cross-over randomized trial that will compare phenylephrine to norepinephrine
in maintaining mean arterial pressure to preserve renal perfusion and prevent perioperative AKI. This trial
combines an adaptive design and seeks to enroll 2,000 patients and will inform the design of the subsequent
VEGA-2 phase, including its sample size calculation, refinement of inclusion criteria, and identification of risk-

based subgroups for Bayesian and heterogeneous treatment effect analyses.

PATIENT AND FUNDER PERSPECTIVES

Patient and Public Involvement (PPI) is recognized as a key feature of a well-designed trial, and itself requires
detailed planning and funding(72). In addition to enhancing recruitment and retention, PPl is a crucial feature
of important ongoing studies in nephrology such as the Kidney Precision Medicine Project (KPMP)(20) and is a
requirement for certain funding organisms like the Patient-Centered Outcomes Research Institute (PCORI).
Funders endeavor to distinguish the actual value of an innovative therapy by differentiating it from the
standard of care and assessing the translatable benefit to the patient, and this objective is often encumbered
by conventional trial design, namely low statistical power, short study duration, and the use of surrogate
endpoints. From this perspective, impactful endpoints beyond conventional regulatory metrics are key. The
endpoints for AKI trials are changing, moving from surrogate-based to patient-centered outcomes. While
prevention of and recovery from AKI remain valuable endpoints, many studies have adopted more patient-
centered outcomes, including Major Adverse Kidney Events (MAKE; combined endpoint of death, indication
for renal replacement therapy, and/or non-recovery of renal function), mortality, sustained loss of renal
function, indication for renal replacement therapy or dialysis, hospitalization, and incidence of renal
transplant. These endpoints are most often evaluated 28 to 90 days after trial enrollment, and the 90-day
timepoint corresponds to the diagnostic timeline for chronic kidney disease (CKD) following AKI and persistent

renal impairment (Table 2).



The rapid appraisal of new drugs and therapies coming to market is frequently associated with immature
datasets, questionable surrogates, and — ultimately —increased uncertainty, all of which complicate the
payer’s assessment of pricing for a given therapy’s true clinical value. This conundrum has spurred the
development of innovative reimbursement contracting involving value-based agreements, namely
performance “money back” guarantees. For trials ending too early to evaluate patient-centered endpoints, for
example, conditional reimbursement models have evolved in which payments are made for disease-free
survival and are reimbursed for disease recurrence. To better describe the clinical “value add” of an innovative
therapy, trials should pit the therapy against the available standard of care. Value-based agreements can help
bridge value gaps on pricing as manufacturers design trials with values in mind rather than traditional

regulatory endpoints.

CONCLUSIONS

RCTs investigating AKI pose significant challenges, as AKl is primarily based on increased serum creatinine, a
marker of renal function, which can be significantly delayed beyond the timing of actual insult, thus obscuring
the disease’s true timeline and trajectory. Indeed, AKIl is best understood as a disease spectrum, and etiology-
specific biomarkers of renal injury are needed to better study the different pathophysiologic mechanisms of
AKI and tailor more effective treatment and prevention strategies. Similarly, while conventional RCTs remain
the “gold standard” means of exploring important questions about AKI, they are not the definitive solution.
Holding pre-defined parameters constant throughout the trial’s execution increases the risk of negative or
failed trials, even when the treatment is inherently effective. Flawed recruitment can also result in highly
selective patient populations, which can limit the results’ external validity. Single-center RCTs feature nuanced
idiosyncrasies in their enrollment, treatment, and human research protocols that further limit generalizability.
Furthermore, multiple treatments cannot be compared head-to-head within contemporary observation
groups, complicating the use of RCTs in comparative effectiveness research. Many RCTs are underpowered, as

the effect size in question is often overestimated to facilitate analysis or recruitment. To perform a worthwhile



RCT, the effect size needs to be biologically plausible, statistically conservative, and clinically meaningful. A

priori determination of the main parameters of interest is mandatory in preventing the willful or inadvertent

cherry-picking of statistically significant differences from multiple comparisons. Alternative trial designs should

be considered when appropriate, including pragmatic trial protocols, Bayesian adaptive design, and cluster

randomization.
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LEGENDS FOR FIGURES:

Figure 1: Schematic approach to prognostic and predictive enrichment, in this example, of patients with
sepsis-associated AKI. A heterogeneous cohort of patients presenting with sepsis are separated into low- and
high-risk mortality subphenotypes based on prognostic enrichment. While the low-risk subphenotype
proceeds with standard care, the high-risk group can be further stratified by predictive enrichment into
different endotypes — subtypes of AKI defined by a distinct functional or pathobiological mechanism — to tailor
mechanism-specific treatments.
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Figure 2: lllustration of the use of machine learning (ML) for prognostic and predictive enrichment in clinical
trials applied to acute kidney injury. Machine learning can be used to determine enrollment criteria for a
clinical trial involving prognostic/predictive enrichment (Table Abbreviations: HTN=hypertension,

SCreat=serum creatinine, NE=norepinephrine).

Patients static features
Age |Diabetes |HTN

Patient A &9 Yes No [
PatientB 46 No No
Patient ...
Patients Dynamic features _ Prognostic
CeS e enrichment
KR!
: [0 4 C..
Patient A 1 1.51 0.15 %
N — o o
PatientA 2 22 0.08 wee
Patient A 3 >4 . Machine learning o
Algorithm I I Predictive
Plasma and urine biomarkers — .
enrichment

ML for patients stratification

=




Table 1: Lessons from the completed STOP-AKI and ongoing REVIVAL trials of recombinant alkaline phosphatase (recAP) in the

treatment of patients with sepsis-associated AKI.

LESSONS FROM THE STOP-AKI TRIAL

TAKEAWAYS

The mean time-corrected Area Under the Curve
(AUC) of ECC over days 1-7 does not appear to be a
suitable endpoint for therapeutics aimed at treating
AKI.

e Use patient-centered outcomes (e.g., all-cause
mortality, Major Adverse Kidney Events at 90
days [MAKE9OQ])

e Allow for longer follow-up time to better assess
renal recovery

Baseline differences between treatment arms can
influence outcome measures even in large,
randomized, placebo-controlled studies.

® Proceed conservatively with power calculations
and favor larger sample sizes whenever possible

e Consider stratifying on important prognostic
covariates at baseline

e Explore for inter-group imbalance
unblinding and adjust accordingly

before

Survivorship bias should be considered, as mortality
benefit can dramatically skew softer endpoints (e.g.,
end-organ surrogate metrics) when sicker patients
survive following treatment and predominate in the
treatment arm compared to the placebo arm.

e Use hard, patient-centered outcomes — including
death — as the primary endpoint in high-risk
populations (e.g., in critically ill patients)

Strive for homogenous patient populations.

e Use enrichment methods to detect patients
most likely to respond to treatment in early
phase trials

e Ensure large sample size to detect potential
heterogeneity of treatment effects

Optimize site selection and recruitment. Simplifying
the patient screening process and study design can
improve recruitment metrics.

Consider pragmatic trial design

Limit burdensome data

monitoring whenever feasible
e Implement consecutive screening methods

collection and

Table 2: Proposed endpoints for AKI trials

Endpoint Advantages Limitations Suggested Applications
AKI stage 1 e Sensitive (frequent) endpoint, l@ Not a patient-centered |® Primary endpoint for
accommodating smaller sample outcome preventive studies
size e May lack specificity e Secondary endpoint for
® Associated with mortality in |® Has been associated with better safety studies
certain settings outcomes (mortality) in certain
settings (e.g., in heart failure)
e Not conventionally used as an
outcome for Phase 3 licensing
studies
Severe AKI e Specific to kidney damage e Occurs less frequently, |®  Primary endpoint for
e Associated with mortality requiring larger sample size preventive strategies
e Not a patient-centered |® Secondary endpoint for
outcome safety studies
e Not conventionally used as an
outcome for Phase 3 licensing
studies
Change in |® Sensitive (frequent) endpoint, | Not a patient-centered (@ Primary or secondary
glomerular filtration accommodating smaller sample outcome endpoint for early phase
rate size e Requires accurate trials
measurement




Renal recovery e Sensitive (frequent) endpoint, |® Definition of this outcome may Primary or secondary
accommodating smaller sample vary, allowing for potential endpoint for therapeutic
size misclassification studies in patients with
Associated with mortality recognized AKI

Sustained loss of |@ Sensitive (frequent) endpoint, | Requires accurate Primary or secondary

renal function accommodating smaller sample measurement endpoint in patients with
size recognized AKI

Renal replacement (@ Associated with mortality e Indications  vary between Secondary endpoint for

therapy (RRT) ® Associated  with resource institutions and providers; use therapeutic studies in
utilization of RRT is a clinical decision and patients with recognized AKI

e Patient-centered outcome not a pathophysiologic entity Recommend defining strict

per se criteria for initiation
e Susceptible to survivorship bias Consider combining with

“days alive”
Death (28-day all- [@ Hard, patient-centered |® Cause of death may not directly Primary or secondary
cause mortality) outcome result from AKI endpoint for therapeutic
e Rare event requiring large studies in patients with
sample size recognized AKI

Major Adverse |® Patient-centered outcome e May be driven by death and not Primary or secondary

Kidney Events at 90 |®@ Occurs more frequently than directly related to AKI endpoint for therapeutic

days (MAKE-90) individual component events e Llow incidence in certain studies in patients with

populations recognized AKI

Chronic kidney |® Patient-centered outcome e Low incidence can require large Primary or secondary

disease sample size endpoint for therapeutic

e Requires longer follow-up time studies in patients with
e Costly recognized AKI

Cardiovascular e Patient-centered outcome e May not directly result from AKI Primary or secondary

events e Susceptible to survivorship bias, endpoint for therapeutic

especially short-term
cardiovascular events

studies in patients with
recognized AKI

Consider combining with
death or “days alive”




