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Abstract

Acute kidney injury (AKI) is common in patients with cirrhosis and associated with significant

mortality. The most common etiologies of AKI in this setting are pre-renal azotemia (PRA), acute

tubular necrosis (ATN) and hepatorenal syndrome (HRS). Accurately distinguishing the etiology

of AKI is critical as treatments differ markedly. However, establishing an accurate differential

diagnosis is extremely challenging. Urinary biomarkers of kidney injury distinguish structural

from functional causes of AKI and may facilitate more accurate and rapid diagnoses. We

conducted a multi-center, prospective cohort study of patients with cirrhosis and AKI assessing

multiple biomarkers for differential diagnosis of clinically adjudicated AKI. Patients (n=36)

whose creatinine returned to within 25% of their baseline within 48 hours were diagnosed with

PRA. 76 patients with progressive AKI were diagnosed via blinded retrospective adjudication. Of

these progressors, thirty-nine (53%) patients were diagnosed with ATN, 19 (26%) with PRA and

16 (22%) with HRS. Median values for neutrophil gelatinase-associated lipocalin (NGAL),
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interleukin-18 (IL-18), kidney injury molecule-1 (KIM-1), liver-type fatty acid binding protein (L-

FABP) and albumin differed between etiologies and were significantly higher in patients

adjudicated with ATN. The fractional excretion of sodium (FENa) was lowest in patients with

HRS, 0.10%, but did not differ between those with PRA, 0.27%, or ATN, 0.31%, p=0.54. The

likelihood of being diagnosed with ATN increased step-wise with number of biomarkers above

optimal diagnostic cutoffs.

Conclusion—Urinary biomarkers of kidney injury are elevated in patients with cirrhosis and

AKI due to ATN. Incorporating biomarkers into clinical decision making has the potential to more

accurately guide treatment by establishing which patients have structural injury underlying their

AKI. Further research is required to document biomarkers specific to HRS.
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Introduction

Acute kidney injury (AKI) is common in patients with cirrhosis, occurring in 20% of

hospitalizations1, and is associated with significant mortality2–4. The most common causes

of AKI in this setting are pre-renal azotemia (PRA), acute tubular necrosis (ATN) and

hepatorenal syndrome (HRS). Despite the overall poor prognosis for patients with cirrhosis

and AKI, viable treatments do exist but differ significantly by AKI etiology. PRA should be

treated with aggressive volume expansion5 while such fluid administration is unhelpful and

even potentially harmful in patients with ATN6. HRS may be reversed with restoration of

renal perfusion, either via vasoconstrictor therapy plus intravenous albumin7 or liver

transplant8. Patients with severe ATN may reasonably be treated with dialysis.

Unfortunately, current diagnostic strategies are often unable to make the challenging yet

crucial distinction between structural and functional disease. HRS is diagnosed via the

International Ascites Club (IAC) criteria, now set within a more broad classification system

of AKI in cirrhosis proposed jointly by the IAC and the Acute Dialysis Quality Initiative

(ADQI)9. However, these criteria are neither sensitive nor specific and may result in

misallocation of scarce resources and potentially harmful unnecessary treatments.

It is obvious that new, objective tests to accurately facilitate the distinction of structural from

functional AKI in patients with cirrhosis are urgently needed. There is currently tremendous

research interest in novel urinary biomarkers of structural kidney injury for early diagnosis,

differential diagnosis and prognosis in AKI10. Multiple biomarkers, including neutrophil

gelatinase-associated lipocalin (NGAL), interleukin-18 (IL-18) and kidney injury

molecule-1 (KIM-1) are able to distinguish structural from functional causes of AKI in

numerous clinical settings11–13. Such biomarkers, which are specifically reflective of frank

structural injury, may be particularly well suited to untangle the frequently vexing diagnostic

distinction between ATN and HRS. However, in patients with cirrhosis, where kidney

biopsies are uncommonly performed, the very lack of an effective existing diagnostic test or

criteria makes the development of new tests challenging as the gold standard against which

new tests are to be compared is known to be flawed. Patients whose AKI rapidly resolves

can be assumed to have had PRA. However, in patients with progressive AKI, where
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accurately distinguishing etiology is most therapeutically critical, confidently determining

the differential diagnosis it can be extremely challenging. The IAC criteria for HRS are

useful for their simplicity in that they can be employed at the bedside to diagnose the

etiology of AKI without requiring knowledge of the patient’s entire hospital course but often

lack the granularity of data required for distinguishing structural from functional disease.

Alternatively, retrospective adjudication by expert clinicians with access to data on the

entirety of the course of a patient’s AKI, while obviously not applicable for point of care

diagnosis, provides a more robust gold standard for the development of new objective tests

which may then themselves be applied at the bedside.

While biomarkers hold tremendous promise to clarify the diagnostic muddle of AKI in

cirrhosis, it is unlikely any will result in a clear “positive” or “negative” cut off, tests results

will need to be interpreted in light of the overall clinical picture. Similarly, it may be that a

combination of multiple markers is more informative than any alone. The few previous

studies of AKI biomarkers in cirrhosis have only looked at one marker14–16, used IAC14,15

or unconventional criteria16 as the gold standard and did not explore how results could be

incorporated into clinical decision making. We have conducted a prospective, multi-center

study of patients with cirrhosis and AKI that measured multiple urinary biomarkers,

including NGAL, IL-18, KIM-1, liver-type fatty acid binding protein (L-FABP), albumin

and fractional excretion of sodium (FENa). In this analysis, we assess the ability of these

biomarkers to improve the differential diagnosis of patients with clinically adjudicated

etiologies of AKI. Subsequently, we have employed likelihood ratios to demonstrate how

biomarkers results, through the identification of patients with ATN, can clarify uncertain

clinical diagnoses.

Materials and Methods

Study design

The details of the cohort and study design have been described previously4. This

prospective, multi-center observational cohort study was conducted over 29 months between

2009 and 2011 at four tertiary care academic centers in the US. Eligible patients were

admitted with AKI (see “Definition”) or developed it during the course of the

hospitalization. Inclusion criteria included a known diagnosis of cirrhosis (see

“Definitions”), age ≥ 18 years, and availability of a documented baseline serum creatinine.

Exclusion criteria included prior kidney or liver transplant, advanced chronic kidney disease

(baseline creatinine > 4.0 mg/dL), acute or chronic renal replacement therapy at the time of

enrollment, clinically estimated life expectancy < 3 days, confirmed pregnancy and other

known causes of renal insufficiency such as glomerulonephritis or urinary obstruction.

Consent was obtained from all patients or their surrogate decision maker. If a patient was

unable to provide written consent and a surrogate was unavailable, a urine specimen was

nevertheless collected. Over the following seven days, delayed consent was sought from

either patient or surrogate. If consent could not be obtained during this period, the urine

sample was discarded. All consecutive eligible patients identified during screening were

approached for enrollment.. The study was approved by the institutional review board at

each of the participating institution.
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Sample Collection and Biomarker Measurement

A fresh 10-ml urine sample was collected daily for three days either via clean catch or Foley

catheter tubing. Samples were immediately refrigerated and then centrifuged at 5000 × g for

10 minutes at −4°C. Aliquots of 1 ml of supernatant were subsequently stored within 6 hours

of collection in cryovials at −80°C for NGAL, IL-18, KIM-1, L-FABP, albumin, sodium and

creatinine measurements. No additives or protease inhibitors were utilized. All biomarkers

were measured from frozen aliquots that did not undergo any additional freeze-thaw cycles.

Laboratory measurements were performed by personnel blinded to patient information.

Sekisui Diagnostics LLC developed assays for KIM-1 and L-FABP. Capture antibodies

were bound to Multi-Assay 96 well plates (MesoScale Discovery [MSD], Gaithersburg,

MD) and detection antibodies were biotinlyated. Signal generation relied on strepavidin

coupled Sulfo-Tag (MSD). The Sulfo-Tag includes ruthenium(II)-tris-bipyridine, which in

combination with a triproplyamine read buffer generates an electrochemical signal detected

by a Sector Imager 2400™ (MSD). Sekisui Diagnostics LLC also developed the rabbit anti-

KIM-1 antibodies (for capture and detection) and recombinant hKIM-1 (for standards and

controls). CMIC (Tokyo, Japan) supplied monoclonal antibodies and rec hL-FABP

standards. The detection range for KIM-1 is .056–60 ng/mL while L-FABP is .057–400

ng/mL. The intra-assay coefficient of variation is ≤10% for both assays. ELISA methods,

coefficient of variation and the detection ranges were as described previously for the

measurement of NGAL17 and IL-1818. Urine creatinine was measured by the modified Jaffe

reaction.

Adjudication

Adjudication of the cause of AKI was performed by a committee of two nephrologists and

one hepatologist after the patient was discharged or expired. Adjudicators were selected to

provide a breadth of experience and primary site of clinical practice (University vs Veterans

Administration). Only those patients whose AKI progressed to a higher AKIN stage were

adjudicated. This decision was made for reasons of practicality and because the greatest

diagnostic confusion is typically seen in patients whose AKI continues to progress despite

initial standard management. If patients who presented with Stage 3 AKI by creatinine

criteria but not requiring renal replacement therapy subsequently required dialysis, this was

considered as progression. Adjudicators were provided with a standardized data form

containing key variables related to the patients’ medical history, hospital presentation,

general medical and cirrhosis specific hospital events, medical therapies and renal function.

Additionally, data were provided detailing vital signs and fluid balance for a period of 10

days surrounding biomarker collection. Options for diagnosis included PRA, HRS and

intrinsic kidney disease, to be specified as ATN or other pathologies. Final diagnosis was

contingent on the agreement of at least two adjudicators. Adjudicators were blinded to

measurements of NGAL, IL-18, KIM-1, L-FABP and albumin but had access to urine

sodium values if these were measured in the course of clinical care.
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Variables

Independent Variables

Cirrhosis: Patients were eligible who carried an existing documented diagnosis of cirrhosis

based on liver biopsy, when available, or on a combination of clinical, biochemical, imaging

and endoscopic findings.

AKI: AKI was defined as arise in creatinine of 0.3 mg/dL or 50% from baseline as

recommended by a working group composed of members of the IAC and the ADQI who

based this cut-off on Stage 1 of the acute kidney injury network (AKIN) criteria19.

Baseline serum creatinine: Baseline serum creatinine was defined as the most recent stable

measurement within a year prior to admission for the index hospitalization. The use of

outpatient values for establishing baseline creatinine has been shown to result in less

misclassification of AKI incidence, severity and prognosis compared to utilizing hospital

admission, hospital nadir or imputed values20. When possible, outpatient measurements

were utilized though values were also used from previous admissions not complicated by

AKI. The median and inter-quartile range (IQR) for the interval between the creatinine

utilized for baseline and hospital admission was 26 (9–73) days. In rare cases, patients

without an outpatient measurement were included in the analytic cohort if, prior to onset of

AKI, they manifested at least 5 initial days from admission of stable values within the

normal creatinine range. In these instances, the creatinine at admission was considered the

baseline.

Other variables: Glomerular filtration rate (GFR) was estimated via the CKD-EPI equation

using the baseline creatinine value21. Chronic kidney disease was defined as estimated GFR

< 60 ml/min/1.73m2 present for at least 3 months. Model of end-stage liver disease (MELD)

and Child-Pugh scores were calculated on the day of first sample collection.

Outcomes: Our primary outcome was AKI diagnosis. Patients were diagnosed with PRA

either via adjudication in those patients whose AKI progressed or by the designation of PRA

in patients whose AKI did not progress and whose serum creatinine returned to within 25%

of baseline within 48 hours of developing AKI. HRS and ATN were diagnosed via

adjudication in patients with progressive AKI.

Statistics

Categorical variables were expressed as proportions and compared using Chi-square and

Fisher’s exact test, as appropriate. Normally or near-normally distributed variables were

reported as means with standard deviations (SD) and compared by Student’s t-test. Non-

normally distributed continuous variables were reported as medians with IQR and compared

by the Wilcoxon rank sum test. Normality was assessed using the Kolmogorov-Smirnov

test. NGAL values were bounded at an upper limit of 1000 ng/mL with no lower bound. All

patients with values above 1000 ng/mL were assigned a value of 1000. KIM-1 was bounded

at an upper limit of 60 ng/ml and a lower limit of 0.056 ng/ml. L-FABP was bounded at an

upper limit of 400 ng/ml and a lower limit of 0.57 ng/ml. IL-18 did not have a bounded
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upper limit but the lower limit of detection for the assay was 25 pg/mL. All patients below

this threshold were assigned a value of 15 pg/mL.

The primary analysis evaluated biomarkers ability to identify patients with ATN. Areas

under the curve (AUC) with 95% confidence intervals (CI) were calculated to evaluate

biomarkers for risk discrimination. Optimal cutoffs were determined for diagnosing ATN

versus non-ATN. Utilizing these cutoffs, biomarker performance was assessed through the

calculation of sensitivity, specificity and positive and negative likelihood ratios. Likelihood

ratios were then applied to examples wherein pretest probability for ATN is converted to

posttest. Those biomarkers whose levels differed significantly between diagnoses were

selected for a panel and relative risks for ATN were calculated based on number of markers

above their optimal cutoffs. To determine internal validity of the results, a leave-10-out

cross validation was performed using SAS Proc Surveyselect. In a secondary analysis,

biomarkers were also evaluated for their ability to distinguish the three distinct diagnoses of

PRA, HRS and ATN. A 2-sided p<0.05 was considered significant for all analysis.

Statistical analysis was performed using SAS, version 9.2 (SAS Institute, Cary, NC). The

conditional probability curves were constructed using the spreadsheet devised by

MacEneaney and Malone22.

Results

A total of 188 patients with cirrhosis and AKI with available urinary biomarkers were

enrolled in the study. Of these, 83 experienced progression of their AKI. The distribution of

adjudicators diagnoses is shown in Supplemental Table 1. Thirty-nine (53%) patients were

diagnosed with ATN, 19 (26%) with PRA and 16 (22%) with HRS. 36 additional patients

were assigned a diagnosis of PRA due to their creatinine returning to within 25% of baseline

within 48 hours. The breakdown of patient diagnosis is shown in Figure 1. Baseline

demographic, clinical and laboratory data for all adjudicated patients and for those with and

without ATN are shown in Table 1. There was no difference in cirrhosis etiology or

previous complications of cirrhosis between groups. The reason for admission was similar

between the two groups excepting jaundice and infections other than spontaneous bacterial

peritonitis which were more common in patients diagnosed with ATN. Median baseline

estimated GFR was lower in patients without ATN than in those with ATN (67 vs 84ml/min/

1.73m2) though this did not reach statistical significance (P = 0.09). Serum creatinine at the

time of sample collection differed significantly between groups and was higher in patients

diagnosed with ATN. Patients with ATN had more advanced cirrhosis as assessed both by

the model for end-stage liver disease (MELD) score (31 vs 24) and Child-Pugh (11 vs 10).

Though intravenous albumin administration was near ubiquitous in all groups, patients

adjudicated with ATN were treated more frequently with midodrine and octreotide. The

number of IAC criteria fulfilled for the diagnosis of HRS (5/6) was identical between the

two groups.

Biomarker values for patients diagnosed with ATN and non-ATN are shown in Table 2a and

Figure 2a. Values for patients with PRA, HRS and ATN are presented in Table 2b and, for

albumin and FENa, the only widely commercially available of the biomarkers under study,

in Figure 2b. Urine samples for biomarker analysis were collected a median of two days
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following onset of AKI and a median of 26 days from the establishment of patients’ baseline

creatinine. Biomarkers were collected over three consecutive days. The values for all

biomarkers did not differ over the days of sample collection and results from the first day of

collection are presented. Sensitivity analysis of results using raw biomarker values and those

corrected for urine creatinine showed minimal variation (data not shown). To facilitate

cross-study comparison of results with published literature, NGAL, IL-18, KIM-1, L-FABP

and albumin are therefore presented as raw values. Median values for NGAL, IL-18, KIM-1,

L-FABP and albumin were significantly higher in patients adjudicated with ATN vs non-

ATN. FENa did not differ between the two groups. When assessing the three distinct

diagnoses, all biomarkers except FENa were able to distinguish ATN from PRA but only

NGAL, IL-18, albumin and FENa differed significantly between patients with ATN and

HRS. Critically, FENa was the only biomarker to distinguish HRS from PRA, 0.1% vs

0.27%, p=0.01.

AUC’s and optimal cutoffs of each biomarker for the diagnosis of ATN vs non-ATN are

depicted in Table 3. AUCs derived from leave-10-out cross validation are presented

alongside those for the entire cohort. The potential practical utility of the three biomarkers

with the best discrimination, NGAL, IL-18 and albumin, as well as FENa, when

incorporated into clinical decision making is demonstrated through the application of

likelihood ratios to determine post-test probabilities for ATN (Figure 3). The post-test

probability is calculated using positive and negative likelihood ratios assuming the

biomarker level is above or below the optimal cutoff, respectfully. For example, in a patient

with a pre-test probability of 40% for the diagnosis of ATN, the finding of a urinary NGAL

level above 365 ng/mL would raise the post-test probability to 76%. Similarly, the finding of

FENA below 0.1% would lower the post-test probability for ATN to 16%. To examine the

utility of biomarkers in combination, the four biomarkers which distinguished ATN from

non-ATN with a p-value of < 0.01 (NGAL, IL-18, L-FABP and albumin) were selected and

the relative risk for ATN was calculated for successive numbers of these biomarkers above

their optimal cutoff, relative to none of the four being elevated (Table 4). The proportion of

patients diagnosed with PRA, HRS and ATN with increasing numbers of these biomarkers

above their optimal cutoff for ATN cutoff is shown in Figure 4.

Discussion

In this study, we have demonstrated that multiple urinary biomarkers of kidney injury have

the ability to distinguish ATN from non-ATN in patients with cirrhosis and progressive

AKI. Patient diagnoses were rigorously established via expert adjudicators based upon

clinical data and blinded to biomarker values. While injury biomarkers were highest in

patients with ATN, levels were similar between patients with PRA and HRS. FENa in

patients with ATN was significantly higher than in those with HRS but did not differ from

PRA. Using likelihood ratios, we have shown that injury biomarkers including urine

albumin have the potential to significantly modify clinicians’ post-test probability for the

diagnosis of ATN in a patient with cirrhosis and AKI.

Distinguishing patients with ATN from those with HRS or PRA is often clinically

challenging but carries profound significance for both patient care and research. While the
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diagnostic criteria proposed by the IAC23 are consistent with our understanding of the

pathophysiology of HRS, patients with ATN can, and often do, fulfill all six criteria. Indeed,

the median number of IAC criteria fulfilled was 5/6 across all three diagnoses. The inability

to make this distinction is critical as for HRS, unlike much of AKI, there exists specific

therapies tailored to the physiology of the renal dysfunction. Reversal of cirrhotic

physiology and restitution of renal blood flow, either via vasoconstrictors7 or liver

transplantation8, has been shown to reverse AKI. However, without objective tests, there is

evidence that, despite clinicians’ best efforts, significant misclassification occurs. 50% of

patients treated with terlipressin do not experience renal recovery while 12% of patients

receiving placebo do recover7. It is likely many of these may, in fact, have ATN. Patients

who have suffered AKI for greater than 6–8 weeks are thought to be unlikely to

spontaneously recover renal function following liver transplant and are therefore listed for a

combined transplant24,25. However, 24% of patients with cirrhosis requiring dialysis for 8–

12 weeks prior to solitary liver transplant recover renal function post-operatively26 while

27% of patients who receive a combined liver-kidney transplant have a measured native

kidney GFR of > 30ml/min 1 year post-operatively27.

The key distinction is not so much whether a patient with cirrhosis and AKI is

dichotomously labeled as “having” ATN or HRS, but rather determining if their acute drop

in GFR is primarily due to frank structural injury or a functional failure of filtration. Kidney

injury biomarkers, which are efficacious for differential diagnosis of renal dysfunction in

multiple clinical settings11–13, would seem to hold particular promise in patients with

cirrhosis and AKI where both functional and structural diseases can manifest with severe,

progressive AKI. While the performance of novel biomarkers in our cohort is indeed

encouraging, the ability of albumin to identify patients with ATN and FENa to distinguish

HRS from ATN and PRA is particularly significant as these point-of-care tests are currently

readily available. The utility of FENa in patients with cirrhosis and AKI has often been

dismissed as the majority of patients fall below 1%, regardless of whether their AKI is

structural or functional. It appears however that the intense sodium avidity characteristic of

HRS may in fact be identifiable with FENa. Though further research is required to validate

the specific cutoffs, reappraisal of albumin and FENa in patients with AKI and cirrhosis has

the potential to immediately impact challenging diagnostic cases.

Critically, the discriminatory performance of new diagnostic tests is contingent not only on

the sensitivity and specificity of the test under investigation but also those of the gold

standard against which it is compared. A new biomarker that is in fact 100% sensitive and

specific for a disease state can appear to function poorly when evaluated against an even

modestly fallible gold standard28. Given the limitations of the IAC criteria, we therefore

chose to use expert, retrospective clinical adjudication for our gold standard diagnoses.

Despite utilizing different diagnostic methods, other investigators examining biomarkers in

patients with cirrhosis and AKI have found results similar to ours. NGAL levels in our study

were similar to those seen by these investigators for patients with HRS and ATN, though we

found higher levels in patients with PRA, 78 ng/ml (16–206), than those seen by Verna et

al., 20 ng/ml (15–45)14, or Fagundes et al. 30 µg/g (20–59)15. IL-18 has also shown promise,
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demonstrating an AUC of 0.88 to distinguish ATN from function AKI in 94 ICU patients

with cirrhosis and AKI16.

While HRS is classically considered as a purely functional disease, it is interesting to note

that both Verna et al. and Fagundes et al. found NGAL levels in patients with HRS to be

significantly higher than in those with PRA. The finding of injury biomarkers in HRS as

intermediary between PRA and ATN is potentially consistent with recent speculation that

HRS may in fact contain some degree of structural injury29. Given this spectrum of

pathology, there is likely to be overlap in injury marker levels between HRS and mild ATN.

While the presence of elevated injury markers in our study is consistent with ATN, their

absence does not necessarily imply HRS. It appears then that the most immediate clinical

application of our findings regarding biomarkers of injury will be to identify significant

ATN, not to identify HRS or PRA. Injury biomarkers can therefore serve not to identify

those patients who should receive HRS specific therapy but, instead, to exclude those with

significant structural injury who are unlikely to respond or benefit from treatment, sparing

potential unnecessary side effects and optimizing resource utilization and organ allocation.

The tantalizing potential of FENa to identify HRS will require validation in future studies.

For this reason, we sought to demonstrate the utility of using likelihood ratios for ruling in

or out ATN. Likelihood ratios estimate how much clinicians should shift clinical suspicion

for a disease based on a given test result and are derived from a test’s sensitivity and

specificity. Incorporating biomarker results through the use of cutoffs and likelihood ratios

can greatly assist clinicians confronted with diagnostic and therapeutic conundrums. For

example, when deciding whether to utilize vasoconstrictors in a patient with cirrhosis and

AKI where the diagnosis is very unclear and there is a 50% probability of ATN, the finding

of NGAL above or albumin below their cutoffs strongly re-stratifies them in favor of, 82%

probability, or away from, 25%, the diagnosis of ATN, respectively. If the pre-test

probability was higher or lower, the post-test probabilities would be even more definitive.

Irrespective of pre-test probability, 91% patients with cirrhosis and AKI with NGAL, IL-18,

L-FABP and albumin above their respective cutoffs had ATN while only 7% of those

without any marker positive did so. Our findings also hold tremendous promise for research

where the use of biomarkers to identify ATN would allow investigators enrolling patients

for a trial of new HRS therapy to exclude patients with ATN, avoiding misclassification bias

and improving study power.

Our study has several strengths. The use of rigorous clinical adjudication provides the best

possible diagnostic gold standard outside of biopsy, which is rarely performed in this setting.

By evaluating multiple biomarkers, we have demonstrated that a panel of markers may be

most efficient for identifying ATN. Our findings will require validation in an external

cohort. However, the strikingly consistent AUC point estimates seen with leave-10-out cross

validation indicates robust internal validity. Finally, we chose to adjudicate only those

patients with progressive AKI. Such patients are typically the most challenging for clinicians

with treatment decisions being both critical and fraught with confusion. Indeed, while at

least 2 out of 3 adjudicators agreed on 74/76 (97%) patients, there was 3 out of 3 agreement

in only 37/76 (49%), emphasizing again the critical need for objective diagnostic tests.

Despite these strengths, our study is not without limitations. Though clinical adjudication
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offers the best possibility of accurately phenotyping patients, the true gold standard is a

kidney biopsy. However, while studies suggest that biopsies can safely be performed in

many patients with cirrhosis30, they are rarely executed for concerns of bleeding risk.

Finally, as an observational study, treatment of patients was not standardized and thus we

could not assess the relationship between biomarker levels and treatment response.

In conclusion, multiple urinary biomarkers show the ability to distinguish clinically

adjudicated ATN in patients with progressive AKI and cirrhosis. Further research is required

to determine if such biomarkers can improve outcomes by more accurately phenotyping the

pathophysiology of AKI and thereby triaging only those patients with primarily functional

disease to HRS specific treatments. Ultimately, a panel combining markers for both

vasoconstriction and structural injury may provide the greatest granularity for determining

where on the spectrum of functional to structural disease a patient with cirrhosis and AKI

lies.
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Abbreviations

AKI acute kidney injury

PRA pre-renal azotemia

ATN acute tubular necrosis

HRS hepatorenal syndrome

IAC International Ascites Club

ADQI Acute Dialysis Quality Initiative

NGAL neutrophil gelatinase-associated lipocalin

IL-18 interleukin-18

KIM-1 kidney injury molecule-1

L-FABP liver-type fatty acid binding protein

FENa fractional excretion of sodium

AKIN acute kidney injury network

IQR inter-quartile range
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GFR glomerular filtration rate

MELD model of end-stage liver disease

SD standard deviations

AUC area under the curve

CI confidence interval
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Figure 1. Process for Determination of Differential Diagnosis
The process by which patients with cirrhosis and AKI had the etiology of their AKI

determined.

*7 patients who progressed were enrolled during the pilot phase of the study and had

incomplete data collection. These patients were excluded from adjudication to avoid

information bias. In addition, 2 patients who did not have 2/3 adjudicator diagnostic

agreement were excluded. Of the remaining 74, 3/3 adjudicators agreed for 37 patients and

2/3 for 37 patients.

**Of the non-progressors with rapid recovery who were assigned a diagnosis of PRA, 6

(17%) were additionally adjudicated and all 6/6 were adjudicated as having PRA.
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Figure 2.
a. Biomarker Values for Patients With and Without ATN

Biomarker values are shown for patients with and without ATN. Dark horizontal lines

represent medians while the shaded boxes represent interquartile ranges. Biomarkers values

are statistically significantly higher in patients with ATN for all biomarkers.

b. FENa and Albumin for Patients with PRA, HRS and ATN

FENa and albumin values are shown for patients with PRA, HRS and ATN. Dark horizontal

lines represent medians while the shaded boxes represent interquartile ranges. FENa is

statistically significantly lower in patients with HRS as compared to both PRA and ATN

while albumin is significantly higher in patients with ATN than in those with either PRA or

HRS.
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Figure 3. Graph of Conditional Probabilities For Urine Biomarkers
Abbreviations: NGAL, neutrophil gelatinase-associated lipocalin; ILK-18, interleukin-18;

FENa, fractional excretion of sodium; ATN, acute tubular necrosis

Figure depicts the conditional probabilities for the diagnosis of ATN utilizing biomarkers at

their optimal cutoff. For each pre-test probability, a post-test probability is calculated

utilizing a positive (NGAL, IL-18, albumin) or negative (FENa) likelihood ratio23.

Formula: Likelihood ratio− = (1-sensitivity)/specificity; Likelihood ratio+ = sensitivity/(1-

specificity); pretest odds = pretest probability/(1-pretest probability); posttest odds = pretest

odds×LR; posttest probability = posttest odds/(posttest odds + 1)
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Figure 4. Association Between Biomarker Elevation and Diagnosis
The percentage of patients with pre-renal azotemia (PRA), hepatorenal syndrome (HRS) and

acute tubular necrosis (ATN) by the number of biomarkers of structural injury above their

optimal cutoff for the diagnosis of ATN.
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Table 1

Baseline and Clinical Characteristics of All Patients and Those With and Without ATN

Total
N = 110

Not ATN
N=71

ATN
N=39

P*

Age in years - mean ± SD 55.3 ± 9.8 56.4 ± 9.4 53.3 ± 10.3 0.24

Male sex – n (%) 76 (69) 48 (68) 28 (72) 0.65

BMI – median (IQR) 30.4 (25.6–35) 28.1 (25–33.3) 32.2 (28.6–36.1)

Race – n (%)

   White 83 (75) 56 (79) 27 (69) 0.26

   Black 13 (12) 7 (10) 6 (15) 0.39

   Hispanic 12 (11) 7 (10) 5 (13) 0.75

Diabetes – n (%) 30 (27) 18 (25) 12 (31) 0.54

Active Cancer – n (%) 13 (12) 8 (11) 5 (13) 0.81

Renal function

   Baseline creatinine mg/dL – median (IQR) 1 (0.8–1.3) 1.1 (0.8–1.3) 1.0 (0.7–1.2) 0.27

   CKDa 30 (27) 21 (30) 9 (23) 0.46

   Baseline GFR ml/min – median (IQR) 72 (58–98) 67 (53–95) 84 (60–102) 0.09

   Proteinuria – n (%)b 11 (10) 5 (7) 6 (15) 0.16

   Creatinine mg/dL – median (IQR)c 2.1 (1.5–3.5) 1.8 (1.4–2.5) 3.3 (2.3–4.1) <0.001

   BUN mg/dL – median (IQR)c 44 (29–62) 41 (27–54) 49 (33–72) 0.06

   Peak creatinine mg/dL - median (IQR) 2.6 (1.8–4.2) 2.2 (1.6–3.4) 4.1 (2.9–5.2) <0.001

   Dialysis – n (%) 27 (25) 9 (13) 18 (46) <0.001

Cirrhosis etiology – n (%)

   Alcohol 30 (27) 19 (27) 11 (28) 0.87

   Alcohol and HCV 30 (27) 22 (31) 8 (21) 0.24

   HCV 20 (18) 14 (20) 6 (15) 0.57

   NASH 11 (10) 9 (13) 2 (5) 0.32

   Cryptogenic 6 (5) 3 (4) 3 (8) 0.66

   Autoimmune 8 (7) 4 (6) 4 (10) 0.37

   Other 5 (5) 0 (0) 5 (13) 0.004

Previous complications of cirrhosis – n (%)

   Ascites 83 (76) 57 (80) 26 (68) 0.17

   Hepatic encephalopathy 72 (65) 49 (69) 23 (59) 0.29

   Variceal bleed 24 (22) 18 (25) 6 (15) 0.23

   SBP 13 (12) 10 (14) 3 (8) 0.37

Reason for admission – n (%)

   Hepatic encephalopathy 23 (21) 17 (24) 6 (15) 0.29

   Refractory ascites/edema 16 (15) 13 (18) 3 (8) 0.16

   Abdominal pain 11 (10) 7 (10) 4 (10) 0.95

   AKI 14 (13) 10 (14) 4 (10) 0.77

   GI bleed 10 (9) 6 (8) 4 (10) 0.75

   Jaundice 8 (7) 2 (3) 6 (15) 0.02
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Total
N = 110

Not ATN
N=71

ATN
N=39

P*

   Infection other than SBP 3 (3) 0 (0) 3 (8) 0.04

   SBP 3 (3) 1 (1) 2 (5) 0.27

   Other 22 (20) 13 (18) 9 (23) 0.55

Cirrhosis severityc

   Child-Pugh Class - n (%) 0.006

     A 3 (3) 3 (4) 0 (0)

     B 35 (32) 29 (41) 6 (15)

     C 72 (65) 39 (55) 33 (85)

   Child-Pugh score – median (IQR) 10 (9–12) 10 (8–12) 11 (10–12) 0.005

   MELD score – mean ± SD 26.4 ± 9.5 24 ± 7.9 31 ± 10.5 <0.001

   Sodium – mean ± SD 133 ± 6 133 ± 5 134 ± 6 0.78

   Hyponatremiad – n (%) 33 (30) 22 (31) 11 (28) 0.76

   MAP (max) - mmHg mean ± SD 85 ± 14 83 ± 12 90 ± 17 0.05

   MAP (min) - mmHg mean ± SD 67 ± 12 68 ± 11 67 ± 14 0.43

   IAC criteria – median (IQR) 5 (4–5) 5 (4–5) 5 (4–5) 0.43

Hospital complications – n (%)

  HEENC 58 (53) 34 (48) 24 (62) 0.17

  Ascites 91 (83) 58 (82) 33 (85) 0.70

  SBP 22 (20) 9 (13) 13 (33) 0.01

  EVB 10 (9) 7 (10) 3 (8) 1.00

  Pneumonia 19 (17) 6 (8) 13 (33) 0.001

  Bacteremia 18 (16) 8 (11) 10 (26) 0.05

  GI Bleed 26 (24) 13 (24) 13 (33) 0.08

  UTI 27 (25) 16 (23) 11 (28) 0.50

Therapies – n (%)

   Albumin 97 (88) 61 (86) 36 (92) 0.32

   Midodrine 53 (48) 29 (41) 24 (62) 0.04

   Octreotide 56 (51) 28 (39) 28 (72) 0.001

Abbreviations: N, number; PRA, pre-renal azotemia; HRS, hepatorenal syndrome; ATN, acute tubular necrosis; SD, standard deviation; BMI, body
mass index; IQR, inter-quartile range; CKD, chronic kidney disease; GFR, glomerular filtration rate; BUN, blood urea nitrogen; HCV, hepatitis C
virus; NASH, non-alcoholic steatohepatitis; AKI, acute kidney injury; GI, gastrointestinal; SBP, spontaneous bacterial peritonitis; MELD, model
for end-stage liver disease; MAP, mean arterial pressure; HEENC, hepatic encephalopathy; EVB, esophageal variceal bleed; UTI, urinary tract
infection

a
CKD is defined as estimated GFR 60 < ml/min by CKD-EPI equation

b
Microalbuminuria (30mg/dL) or greater on dipstick or quantitative measurement prior to admission

c
BUN, creatinine and indices of cirrhosis severity are on day of sample collection

d
Serum sodium <130 mEq/L

*
Universal f-test
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Table 2

a. Summary Statistics for Urine Biomarkers in Patients With and Without ATN

Non-ATN
N=71

ATN
N=39

p

Tubular injury markers

   NGAL (ng/ml) 59 (22–203) 565 (76–1000) <0.001

   IL-18 (pg/ml) 15 (15–65) 124 (15–325) <0.001

   KIM-1 (ng/ml) 5.1 (2.1–10.7) 8.4 (4.1–18.3) 0.02

   L-FABP (ng/ml) 10 (4–19) 27 (8–103) 0.001

Tubular function marker

   FENa (%) 0.24 (0.06–0.48) 0.31 (0.12–0.65) 0.29

Glomerular injury marker

   Albumin (mg/dL) 21 (4–70) 92 (44–253) <0.001

b. Summary Statistics for Urine Biomarkers by Diagnosis

PRA
N=55

HRS
N=16

ATN
N=39

p

Tubular injury markers

   NGAL (ng/ml) 54 (17–180) 115 (51–373) 565 (76–1000)***, ## <0.001

   IL-18 (pg/ml) 15 (15–49) 37 (15–90) 124 (15–325)***, # <0.001

   KIM-1 (ng/ml) 4.4 (1.8–11.7) 7.6 (4.5–10.1) 8.4 (4.1–18.3)** 0.03

   L-FABP (ng/ml) 9 (4–18) 14 (6–20) 27 (8–103)*** 0.002

Tubular function marker

   FENa (%) 0.27 (0.13–0.58) 0.10 (0.02–0.23)** 0.31 (0.12–0.65)## 0.01

Glomerular injury marker

   Albumin (mg/dL) 21 (4–70) 24 (13–129) 92 (44–253)***, # <0.001

Abbreviations: ATN, acute tubular necrosis; NGAL, neutrophil gelatinase associated lipocalin; IL-18, interleukin-18; KIM-1, kidney injury
molecule-1; L-FABP, liver-type fatty acid binding protein; FENa, fractional excretion of sodium

Abbreviations: PRA, pre-renal azotemia; HRS, hepatorenal syndrome; ATN, acute tubular necrosis; NGAL, neutrophil gelatinase associated
lipocalin; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; L-FABP, liver-type fatty acid binding protein; FENa, fractional excretion of
sodium

Values significantly different from pre-renal azotemia indicated with

*
p < 0.05;

**
p ≤ 0.01;

***
p ≤ 0.001

Values significantly different from HRS indicated with

#
p < 0.05;

##
p ≤ 0.01;

###
p ≤ 0.001
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Table 3

Measures of Test Performance Characteristics

Optimal
Cut

Point

Proportion Over
Cut Point with ATN

AUC (95% CI) Validation
AUC*

Tubular injury markers

   NGAL (ng/ml) 365 25/35 (71%) 0.78 (0.69–0.88) 0.787

   IL-18 (pg/ml) 85 21/33 (64%) 0.71 (0.61–0.81) 0.711

   KIM-1 (ng/ml) 15.4 15/24 (63%) 0.64 (0.53–0.75) 0.639

   L-FABP (ng/ml) 25 21/30 (70%) 0.69 (0.57–0.80) 0.688

Tubular function marker

   FENa (%) 0.1 22/62 (35%) 0.56 (0.45–0.68) 0.563

Glomerular injury marker

   Albumin (mg/dL) 44 29/52 (56%) 0.73 (0.64–0.83) 0.734

Abbreviations: ATN, acute tubular necrosis; AUC, area under the curve; CI, confidence interval; NGAL, neutrophil gelatinase associated lipocalin;
IL-18, interleukin-18; KIM-1, kidney injury molecule-1; L-FABP, liver-type fatty acid binding protein; FENa, fractional excretion of sodium

*
Validation AUCs derived from leave-10-out cross validation performed with SAS Proc Surveyselect
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Table 4

Association Between Biomarker Panel and the Diagnosis of ATN

Relative Risk*

0 Markers Positive 1.00

1 Marker Positive 4.63 (1.29–16.61)

2 Markers Positive 6.98 (2.14–22.75)

3 Markers Positive 9.78 (3.10–30.86)

4 Markers Positive 13.33 (4.40–40.39)

Abbreviations: ATN, acute tubular necrosis
Biomarker cutoffs: NGAL, 365 ng/ml; IL-18, 85 pg/mL; L-FABP, 25 ng/mL; Albumin 44 mg/dL

*
Unadjusted
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