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Abstract

Background—The diagnosis of acute kidney injury (AKI), which is currently defined as a rise in 

serum creatinine (SCr), provides little information on the condition’s actual etiology. To improve 

phenotyping of AKI, many urinary biomarkers of tubular injury are being investigated. Since AKI 

cases are not frequently biopsied, the diagnostic accuracy of SCr and urinary biomarkers for 

histological acute tubular injury (ATI) is unknown.

Study Design—Cross-sectional analysis from multicenter, prospective cohort
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Settings & Participants—Hospitalized deceased kidney donors on whom kidney biopsies were 

performed at the time of organ procurement for histological evaluation

Predictors—(a) AKI diagnosed by change in SCr during donor hospitalization and (b) urinary 

biomarkers (neutrophil gelatinase-associated lipocalin [NGAL], liver-type fatty acid-binding 

protein [L-FABP], interleukin 18 [IL-18], and kidney injury molecule 1 [KIM-1]) measured at 

organ procurement

Outcome—Histological ATI

Results—Of 581 donors, 98 (17%) had mild ATI and 57 (10%) had severe ATI. Overall, SCr-

based AKI had poor diagnostic performance for identifying histological ATI and 49% of donors 

with severe ATI did not have AKI. The area under the receiver operating characteristic curve 

(AUROC) of change in SCr for diagnosing severe ATI was 0.58 (95% CI, 0.49–0.67), and for any 

ATI was 0.52 (95% CI, 0.45–0.58). Compared with SCr, NGAL demonstrated higher AUROC for 

diagnosing both severe ATI (0.67; 95% CI, 0.60–0.74; P=0.03) and any ATI (0.60; 95% CI, 0.55–

0.66; P=0.005). In donors who did not have SCr-based AKI, NGAL levels were higher with 

increasing severities of ATI (subclinical AKI). However, compared with SCr, AUROCs for ATI 

diagnosis were not significantly higher for urinary L-FABP, IL-18, or KIM-1 concentrations.

Limitations—Spectrum of AKI etiology in deceased donors may be different from that of 

general hospitalized population.

Conclusions—SCr and kidney injury biomarkers (L-FABP, IL-18, and KIM-1) lack accuracy 

for diagnosing ATI in hospitalized deceased donors. While urinary NGAL had slightly higher 

discrimination for ATI than did SCr, its overall AUROC was still modest.
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Clinically, acute kidney injury (AKI) is defined by a rise in serum creatinine (SCr) 

concentration, which is a marker of glomerular filtration rate (GFR), or by acute reductions 

in urine output. Acute tubular injury (ATI) is frequently presumed to be a leading etiology of 

AKI in many hospital settings.1,2 ATI is a histologically-diagnosed condition and is often 

associated with progressive chronic kidney disease and end stage renal disease.3,4

SCr-based AKI definitions have several limitations when applied to diagnose ATI.5 First, 

elevations in SCr are not specific to ATI. The administration of drugs that inhibit tubular 

secretion of creatinine or inhibit the renin-angiotensin aldosterone system can lead to 

increases in SCr in the absence of ATI. Hemodynamic reductions in renal blood flow that do 

not cause structural injury but increase SCr concentrations can also lead to false positive ATI 

diagnoses (e.g. cardiorenal and hepatorenal syndromes).5–7 Second, SCr can fail to identify 

some patients who do have ATI – a condition termed “subclinical AKI.”8,9 This can occur 

when the effects of tubular injury and reduced GFR in some nephrons are compensated for 

by other non-injured and functioning nephrons via a phenomenon called “renal reserve”. 

While many investigators and clinicians recognize the limitations of SCr and would prefer a 
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kidney biopsy to confirm ATI, patients with suspected ATI are frequently critically ill and 

are thus rarely biopsied. Instead, other clinical parameters like fractional excretion of 

sodium, fractional excretion of urea, serum urea nitrogen to SCr (SUN-SCr) ratio, urine 

output, and urine microscopy are used in conjunction with elevations in SCr to infer the 

diagnosis of ATI.

Translational researchers are evaluating urinary proteins that directly assess tubular injury 

for non-invasive confirmation of ATI. Protein biomarkers currently under consideration 

include neutrophil gelatinase-associated lipocalin (NGAL), liver-type fatty acid-binding 

protein (L-FABP), interleukin 18 (IL-18), and kidney injury molecule 1 (KIM-1). Despite 

the limitations of SCr, however, studies on these biomarkers have used SCr for comparison 

rather than the gold standard of kidney biopsy-diagnosed ATI.10 This has led to suboptimal 

biomarker development.5

ATI is common in deceased organ transplant donors,11 who are managed in the intensive 

care unit (ICU) prior to organ procurement.12 Donor management involves the same critical 

care provided to other ICU patients. The etiology of and risk factors for AKI in deceased 

donors are thus similar to those of other ICU patients.13 Moreover, organ procurement 

clinicians perform kidney biopsies in over half of these donors, and biopsies are often used 

to help make organ allocation decisions. Thus, the deceased donor setting provides an 

opportunity to compare urinary tubular injury biomarkers with SCr for ATI confirmed via 

gold-standard histology.

We hypothesized that urinary biomarkers of kidney injury would have improved 

discrimination for diagnosing histological ATI compared with SCr. In a prospective, 

multicenter cohort of deceased organ donors with kidney biopsies performed at the time of 

organ procurement for transplantation, we compared the accuracy of urinary tubular injury 

biomarkers (NGAL, L-FABP, IL-18, and KIM-1) with traditional clinical parameters (SCr, 

fractional excretion of sodium and fractional excretion of urea, SUN:SCr, urine output) for 

diagnosing histological ATI.

METHODS

Study Design

We have previously described the details of this multicenter, prospective cohort of deceased 

kidney donors.14,15 Briefly, we collaborated with five organ procurement organizations 

(OPOs). These OPOs collected donor urine samples as per study protocol at the time of 

organ procurement between April 2010 and November 2013 from donors whose surrogates 

had given consent for research. In a subset of donors, the OPOs also obtained wedge 

biopsies of kidneys to assist with the allocation process. Frozen biopsy sections were 

reviewed by clinical pathologists at the respective hospitals or by pathologists contracted by 

the OPO. We excluded donors from this analysis if biopsies were not performed or if biopsy 

reports did not mention either the presence or absence of ATI.

We obtained donor data from the Organ Procurement and Transplantation Network (OPTN) 

that were submitted by its members, which has been described elsewhere.16 We reviewed 
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OPO charts for additional donor information not available in the OPTN data system, 

including procurement kidney biopsy reports, admission donor SCr, serum sodium, SUN, 

and urine output. In a subset of donors from each participating OPO, we also confirmed the 

quality and accuracy of OPTN data using these systematic chart reviews. We obtained 

recipient SCr values from the OPTN database, currently maintained under contract with the 

United Network for Organ Sharing (UNOS).

We adhered to the ethics principles of the Declaration of Helsinki and obtained institutional 

review board (IRB) approval from the Data Coordinating Center at Yale (Human Research 

Protection Program Approval numbers: 0912006086, 0909005694, 0912006085, 

0909005696) as well as the respective IRBs and/or scientific review committees for all sites 

in the study. The clinical and research activities outlined herein are also consistent with the 

principles outlined in the Declaration of Istanbul on Organ Trafficking and Transplant 

Tourism.17,18 We used de-identified UNOS data for recipient outcomes under an approved 

waiver of consent.

Exposures

We defined donor AKI as an increase in SCr concentration from admission to the terminal 

value (change in SCr) by ≥0.3 mg/dl or by ≥50% rise from baseline. Severe AKI was 

defined as ≥100% rise in SCr. These SCr cut-offs correspond to AKI Network stage 1 or 

greater and stage 2 or greater, respectively.19,20 Since we did not have dates associated with 

the SCr, we did not use KDIGO (Kidney Disease: Improving Global Outcomes) AKI 

definitions. We used the terminal creatinine because it was the closest creatinine to the 

kidney biopsy. We also used change in SCr using peak SCr during hospitalization for a 

supplementary analysis. We evaluated fractional excretion of sodium cut-offs of ≥1% and 

≥2% and fractional excretion of urea ≥35% for diagnosing ATI.21,22 We also evaluated 

SUN:SCr ≥20 and urine output ≤0.5 ml/kg/h for diagnosing ATI.19

We measured urine injury biomarkers NGAL, L-FABP, IL-18 and KIM-1 from stored urine 

samples that were collected from the indwelling catheter tube in the operating room prior to 

organ procurement. We provide details on assay characteristics in Item S1 (provided as 

online supplementary material) and in a previous publication.14 In our primary analysis, we 

did not index biomarkers to urine creatinine given unreliable urine creatinine kinetics in 

AKI.23 We instead present a supplementary analysis indexing biomarkers to urine creatinine. 

Since deceased donors experience polyuria, we also present a supplementary analysis 

adjusting for urine specific gravity to account for urine concentration differences.

Outcomes

Primary Outcome—The primary outcome was histological ATI on procurement kidney 

biopsy interpretations by pathologists contracted by the OPO. ATI was a 3-level ordinal 

outcome: No ATI, mild ATI, and severe ATI. We assigned a diagnosis of no ATI if reports 

specified the absence of ATI; mild ATI if <25% of tubules were affected or if the report 

specified mild (including terms such as modest or minimal) ATI; and severe ATI if ≥25% of 

tubules were affected or if the ATI was reported as moderate or severe.11 When kidneys 

from the same donor had discordant reports of ATI, we categorized the donor and both 
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kidneys as having the higher degree of ATI. We excluded donors for whom reports did not 

mention presence or absence of ATI in either kidney.

Secondary Outcome—To determine the association of donor ATI, donor SCr-based AKI, 

and ATI biomarkers with recipient outcomes, we evaluated transplant function at six months 

post-transplantation as a secondary outcome. We used calculated 6-month eGFR via the 

CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) creatinine equation as 

previously described and validated.24,25

Statistical Analysis

We reported continuous variables as mean ± SD or median (interquartile range [IQR]), and 

categorical variables as frequency (percentage). We calculated the kidney donor risk index 

(KDRI) from donor characteristics as described26,27 and mapped it to the kidney donor 

profile index (KDPI) relative to all deceased donors from the United States in 2010. For 

analyses using the KDRI score without SCr, we weighted all of the other KDRI variables as 

per the actual KDRI score but excluded SCr.

We compared continuous variables between groups using the ANOVA test and categorical 

variables using the chi-square test. We calculated the area under the receiver operating 

characteristic curve (AUROC) using logistic regression to model the discrimination of ATI 

as a function of change in SCr individually and for each biomarker. We performed AUROC 

assessment by (a) comparing severe ATI with no ATI, and (b) comparing any ATI (mild and 

severe) with no ATI. We used the De Long test to compare the AUROC of logistic models of 

each individual biomarker to change in SCr.28 We determined the sensitivity and specificity 

of biomarkers for ATI diagnosis using the 3rd tertile cut-off value from a previously 

published cohort of cardiac surgery-related AKI.29 These cut-off values were 81 ng/ml for 

NGAL, 171 ng/ml for L-FABP, 133 pg/ml for IL-18, and 12 ng/ml for KIM-1.

For transplanted kidneys, we regressed 6-month recipient eGFR as a linear function of donor 

SCr-based AKI with further adjustment for the KDRI score (excluding SCr). We also 

regressed 6-month recipient eGFR as a linear function of histological ATI and biomarker 

level above the cut-off value with further adjustment for KDRI score (excluding SCr) and 

SCr-based AKI. These analyses were clustered at the donor level. We also performed two 

subgroup analyses: (a) by traditional clinical parameters in donors with SCr-based AKI as 

this is the clinical scenario when these tests are used; and (b) by novel biomarker 

measurement in donors without SCr-based AKI and terminal SCr<1.5 mg/dL for the 

outcome of subclinical AKI. We used STATA Statistical Software: Release 14 (StataCorp 

LP, College Station, TX, USA) for all analyses, and all statistical tests were two-sided with a 

significance level of 0.05.

RESULTS

Study Participants

Of 1634 donors enrolled in the cohort, 905 (55%) had at least one kidney biopsied (Figure 

S1 and Table S1). Of the 905 donors biopsied, 581 (64%) had a biopsy report that mentioned 

the presence or absence of ATI and were thus included in this study. Median length of donor 
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hospital stay before organ procurement was 3 (IQR, 2–5) days. Median donor age was 54 

years, 268 (46%) were female, 86 (15%) had diabetes, and 230 (40%) had SCr-based AKI. 

A total of 98 (17%) donors had mild ATI and 57 (10%) donors had severe ATI. There was 

excellent concordance for ATI diagnosis between biopsy reports for both kidneys from the 

same donor (30 [5.4%] discordant pairs; κ =0.87; P<0.001; Table S2). There was a higher 

proportion of female donors with ATI; and donors with ATI were more likely to have urine 

output <0.5 ml/kg/h (Table 1).

Serum Creatinine and Other Traditional Clinical Parameters

The AUROC for severe ATI using change in SCr was 0.58 (95% confidence interval [CI], 

0.49–0.67); for any ATI it was 0.52 (95% CI, 0.45–0.58; Figure 1). Sensitivity and 

specificity of AKIN stage I AKI for severe ATI were 51% and 61%, respectively. Sensitivity 

and specificity of AKIN stage II AKI for severe ATI were 26% and 84%, respectively. Using 

peak SCr, the AUROC of change in SCr for presence of severe ATI was 0.60 (95% CI, 0.51–

0.68) and for presence of any ATI was 0.55 (95% CI, 0.50–0.61).

Among the other traditional tests, fractional excretion of sodium was significantly higher 

with increasing degrees of ATI, whereas urine output, fractional excretion of urea and SUN-

SCr ratio were not significantly different among donors with varying degrees of ATI (Table 

2 and Table S3). These traditional tests are often clinically utilized in the setting of SCr-

based AKI, and in a subgroup analysis of donors with SCr-based AKI, we found nominally 

higher fractional excretion of sodium in donors with increasing severities of ATI, although 

this was not statistically significant (P=0.06, Table S4).

Tubular Injury Biomarkers

Median urinary NGAL and L-FABP were higher with increasing ATI severity (Table 2). 

Urine IL-18 and KIM-1 concentrations were not statistically different by ATI severity. 

Compared with SCr, NGAL had significantly higher AUROC for diagnosing severe and any 

ATI, at 0.67 (95% CI, 0.60–0.74) versus 0.58 (95% CI, 0.49–0.67; P=0.03) and 0.60 (95% 

CI, 0.55–0.66) versus 0.52 (95% CI, 0.45–0.58; P=0.005), respectively (Table 3). To account 

for urine concentration differences, we performed additional analyses accounting for urine 

creatinine and specific gravity, and found consistent results (Table S5).

Subclinical AKI

Over 60% of mild ATI cases (n=59) and 49% of severe ATI cases (n=28) were diagnosed in 

the subgroup of 326 donors without SCr-based AKI and terminal SCr < 1.5 mg/dL. In this 

setting of subclinical AKI, the prevalence of mild and severe ATI was 18% and 9%, 

respectively. In this subgroup, median urinary NGAL concentration was significantly higher 

in patients with ATI, but L-FABP, IL-18, and KIM-1 were not significantly different by ATI 

status (Table S6).

Association of Donor Kidney Injury With Recipient eGFR

At least one kidney was transplanted from 413 (71%) donors, which included 40 (70%) of 

57 donors with severe ATI, 68 (69%) of 98 donors with mild ATI, and 305 (72%) of 426 

donors without ATI (P=0.9). The presence of ATI was borderline associated (P = 0.05) with 
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lower adjusted 6-month recipient eGFR compared with the absence of ATI (eGFRs with 

severe, mild, and no ATI: 43.2 [95% CI, 38.0–48.3], 46.1 [95% CI, 42.1–50.2], 49.4 [95% 

CI, 47.5–51.4] ml/min/1.73 m2, respectively; Figure 2). However, SCr-based donor AKI was 

paradoxically associated with higher adjusted 6-month eGFR (AKI versus no AKI: 50.7 

[95% CI, 47.6–53.7] versus 46.7 [95% CI, 44.7–48.7] ml/min/1.73m2, respectively; P=0.04). 

Compared with donor kidneys with biomarker levels below the cut-off, donor kidneys with 

NGAL concentrations above the cut-off were associated with nominally lower adjusted 6-

month eGFR in recipients (49.7 [95% CI, 47.4–52.0] versus 46.3 [95% CI, 43.5–49.2] 

ml/min/1.73m2, respectively), although this was not statistically significant (P=0.09). Donor 

urine L-FABP, IL-18, and KIM-1 levels were not associated with recipient 6-month eGFR.

DISCUSSION

The currently accepted SCr-based clinical definition of AKI provides little to no information 

about etiology. Numerous urinary kidney injury biomarkers are being translated in humans 

after demonstrating promise in experimentally-induced tubular injury in animal models. 

However, most translational studies have compared these urinary biomarkers with the 

imperfect “gold-standard” of SCr-based AKI. Only a kidney biopsy can definitively 

diagnose ATI. In this study, we found that SCr-based AKI lacks discriminatory ability for 

diagnosing histological ATI, with a modest AUROC and poor sensitivity and specificity at 

the AKIN definition cutoffs. Other traditional clinical tests, which are routinely used to 

assess AKI clinically, also lacked discrimination and accuracy for histological ATI. Among 

the ATI biomarkers, we found that urine NGAL had higher discrimination for ATI compared 

with SCr; however, the overall AUROC was still quite modest. L-FABP, IL-18, and KIM-1 

did not have higher AUROCs than SCr.

Despite the clinical desire to understand etiology, kidney biopsies are not typically 

performed in most patients with clinically-defined AKI because these patients are frequently 

critically ill, unable to cooperate with the procedure, and at increased risk for bleeding. 

Thus, reliable data about the accuracy of SCr for histological ATI in humans are not 

available. In a preclinical study of ischemia-reperfusion in mice, SCr was shown to have an 

area under the curve for detecting ATI of 0.67–0.73 and a sensitivity of 20%–56% for 

detecting various ATI severities.30 While many investigators have evaluated injury 

biomarkers as tools to overcome the limitations of SCr-based AKI definitions, nearly all 

have relied on SCr to define kidney injury.5

We tested four of the most promising biomarkers of tubular injury to date. NGAL is a 

marker of distal tubular injury that is upregulated when tubular cells are structurally 

damaged and is an early biomarker of various ischemic, septic, or nephrotoxic insults to the 

kidney.31–34 L-FABP, an intracellular carrier protein, is produced by proximal tubular cells 

in response to tubulointerstitial damage.35 IL-18, which is produced in proximal tubular 

cells in response to kidney injury and excreted in urine, has shown promise for diagnosing 

ATI.36 KIM-1 is expressed in the apical membrane of proximal tubular cells after kidney 

injury and can be detected in urine.37 NGAL and L-FABP are approved for clinical use for 

AKI diagnosis in Europe and Asia. In North America, KIM-1 is part of a panel of seven 
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biomarkers that is approved for preclinical use to monitor nephrotoxicity in drug 

development studies.38,39

Median urinary levels of NGAL and L-FABP were significantly higher in donors with 

increasing severities of histological ATI. Despite prior data demonstrating associations with 

various AKI etiologies, L-FABP, IL-18 and KIM-1 did not perform well in our study.40,41 

One explanation for our findings, which are discordant with prior studies demonstrating 

improved accuracy with these injury biomarkers, is our use of histology to determine ATI. 

Our finding of poor discrimination of injury biomarkers for diagnosing ATI is consistent 

with the study by Parekh et al,42 in which the authors evaluated histological ATI after 

ischemia-reperfusion injury in patients undergoing partial nephrectomies for treatment of 

renal cancer. They reported poor correlation of NGAL, L-FABP, IL-18 and KIM-1 with the 

degree of renal insult measured by duration of ischemia and by histological ATI.

Our results also inform emerging clinical concepts of “subclinical AKI,” namely high levels 

of injury biomarker levels in the urine without changes in SCr levels. Subclinical AKI is 

thought to be an early step in the spectrum of kidney injury and is associated with poor 

outcomes.9 In the current study, half of the cases of histological ATI occurred in donors 

without SCr-based AKI. In donors without SCr-based AKI, we found that urine NGAL 

concentrations were significantly higher in those with histological ATI than those without 

it.8 Our results are consistent with previous studies that have demonstrated the role of injury 

biomarkers in diagnosing subclinical AKI. In a meta-analysis of 10 prospective NGAL 

studies, patients with elevated NGAL concentrations but without a concomitant rise in SCr 

subsequently required renal replacement therapy more frequently and had greater mortality 

compared with patients with no elevations in NGAL or SCr.43 In a multicenter cohort of 

emergency room patients, urine NGAL as well as KIM-1 predicted initiation of dialysis or 

in-hospital death in patients without increases in SCr.44 In a cardiac surgery cohort, we 

demonstrated that urinary IL-18 and KIM-1 were independently associated with 3-year 

mortality in those without SCr-based AKI.29

We evaluated the prognostic value of donor ATI, SCr-based AKI and urinary biomarkers by 

their association with recipient 6-month eGFR. While histological donor ATI was associated 

with lower 6-month recipient eGFR, SCr-based donor AKI was paradoxically associated 

with higher 6-month recipient eGFR. This discordant finding may be attributed to the fact 

that in addition to ATI, SCr also captures decreased kidney perfusion and other clinical 

attributes such as hydration status, hemodynamic derangements or muscle breakdown. Since 

donor kidneys in these last situations do not experience intrinsic kidney damage, they are 

likely to recover complete function after transplantation, which is less likely to be the case 

for donor kidneys with overt ATI. In recipients of donor kidneys with NGAL above 81 

ng/mL, we also noted slightly lower 6-month eGFR, suggesting a consistent association with 

the histological diagnosis of structural kidney injury.

This study does have a number of important limitations. First, since kidney biopsies were 

only performed at the discretion of the OPOs, selection bias could have resulted such that 

only donor kidneys assumed to have moderate injury were selected for biopsy. Donor 

kidneys with plausible evidence of milder or more severe injury may have been either 
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transplanted or discarded, respectively, without biopsy. Moreover, due to the limited tissue 

obtained for evaluation during kidney biopsy and because ATI is often non-uniformly 

distributed in the kidneys, sampling bias is also a concern. However, we noted agreement in 

acute tubular injury severity between right and left kidneys in 524 (95%) out of 554 donors 

in whom both kidneys were biopsied. Second, findings from deceased organ donors may not 

be generalizable since brain death affects multiple neuroendocrine functions, including 

reduced antidiuretic hormone levels leading to polyuria,45 which could affect urinary 

biomarker concentrations. Also, AKI etiologies may differ in donors as compared with 

hospitalized patients. For example, unlike other hospitalized patients in whom sepsis in an 

important cause of AKI, deceased donors have near-complete lack of sepsis. Also, donors 

may receive large volumes of resuscitation fluids and diuretics, which would make urine 

output and fractional excretion of sodium unreliable as biomarkers of ATI. To address 

polyuria, we used urine creatinine and specific gravity as covariates in supplementary 

analyses and found consistent results. Third, the observed associations of SCr and 

biomarkers with ATI may be inaccurate due to detection bias resulting from lack of exact 

timing of SCr, which could have led to misclassification of AKI, and lack of longitudinal 

biomarker measurements, which could have led us to miss the peak biomarker levels. 

However, for novel biomarkers to be useful in clinical practice, the association of these 

biomarkers with ATI must persist despite lack of longitudinal data. Fourth, kidney biopsies 

were read by different attending pathologists at the respective institutions, which could have 

introduced variability in reporting ATI.46 However, since ATI is commonly observed with 

kidney biopsy, we believe the biopsy reports had high specificity for the diagnosis. Fifth, 

when evaluating associations for donor factors with recipient eGFR, it is possible that donor 

ATI led to selection bias such that only the injured kidneys deemed most likely to perform 

well were preferentially transplanted. However, we observed similar organ discard rates 

regardless of ATI. Given the observational nature of our study and despite controlling for 

KDRI, residual confounding is possible. It is also important to emphasize that our study 

shows donor histological ATI is associated with lower 6-month recipient eGFR, but the 

effect size is small and should by no means deter appropriate utilization of donated kidneys 

with ATI. Finally, we cannot exclude the possibility that some of the statistically significant 

findings in our observational study could be due to multiple comparisons of biomarkers with 

ATI.

In conclusion, we found that SCr and urinary kidney injury biomarkers (NGAL, L-FABP, 

IL-18, and KIM-1) have poor discrimination for diagnosing histological ATI in hospitalized 

deceased donors. Future clinical studies should focus on evaluating other biomarkers for 

diagnosis of histological ATI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Performance of delta serum creatinine for histological ATI
Stage I AKI defined by a SCr rise of ≥0.3 mg/dl or ≥ 50% from baseline; Stage II AKI 

defined as ≥100% rise in SCr. SCr: serum creatinine, ATI: acute tubular injury, AKI: acute 

kidney injury.

Any ATI includes mild, moderate and severe ATI. Severe ATI includes moderate and severe 

ATI.
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Figure 2. Association of donor characteristics with 6-month recipient eGFR
Multivariable regression of donor SCr-based AKI, histological ATI and biomarker-based 

AKI on 6-month recipient eGFR controlling for KDRI score components (excluding serum 

creatinine) and SCr-based AKI. For ATI, (+) and (−) indicate presence and absence of ATI, 

respectively. For SCr, (+) and (−) indicate presence and absence of AKI. Biomarker cut-offs 

obtained from Coca et. al. JASN 201429 ATI, acute tubular injury; AKI, acute kidney injury; 

KDRI, kidney disease risk index; eGFR, estimated glomerular filtration rate. Severe ATI 

includes moderate and severe ATI
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Table 1

Baseline characteristic of deceased kidney donors by histological ATI

Characteristic No ATI Mild ATI Severe ATI P-valueˆ

(n=426) (n=98) (n=57)

Age, years 54 (46–62) 53 (47–61) 53 (41–62) 0.3

Black race 73 (17%) 16 (16 %) 12 (21%) 0.6

Female sex 190 (45 %) 43 (44 %) 35 (61%) 0.05

BMI, kg/m2 28.5 (24.9–33.8) 28.3 (24–33.8) 28.8 (23.9–36.5) 0.5

Hypertension 268 (63 %) 55 (56 %) 32 (56%) 0.3

Diabetes 68 (16 %) 11 (11 %) 7 (12%) 0.4

Cause of death 0.6

 Head trauma 67 (16 %) 15 (15 %) 11 (20%)

 Anoxia 138 (34 %) 30 (31 %) 24 (43%)

 Stroke 205 (50 %) 53 (54 %) 21 (38%)

 Other 2 (0.5 %) 0 (0 %)

ECD 212 (50 %) 51 (52 %) 26 (46%) 0.7

DCD 60 (14 %) 9 (9 %) 8 (14%) 0.4

KDRI# 1.6 (1.4–2) 1.6 (1.3–1.8) 1.5 (1.3–1.9) 0.5

KDPI, % 90 (81–97) 89 (76–95) 88 (74–97) 0.4

Admission Scr, mg/dL 1 (0.8–1.3) 1 (0.8–1.3) 1 (0.8–1.3) 0.6

Terminal Scr, mg/dL* 1.1 (0.8–1.7) 1.1 (0.8–1.6) 1.2 (0.7–2.3) 0.1

AKI (≥Stage 1) 165 (39%) 36 (37%) 29 (51%) 0.2

Severe AKI (≥Stage 2) 70 (16 %) 16 (16 %) 15 (26%) 0.2

Urine output, ml/kg/h 1.6 (1–2.9) 1.5 (1–2.8) 1.4 (0.7–2.5) 0.5

Urine output <0.5 ml/kg/h 38 (9%) 5 (5%) 10 (18%) 0.03

Use of any vasoactive drugs 334 (78%) 84 (86%) 44 (77%) 0.2

No. of vasoactive agents used 1 (1–2) 2 (1–2) 2 (1–2) 0.7

No. of kidneys transplanted 0.9

 0 121 (28 %) 30 (31 %) 17 (30%)

 1 71 (17 %) 18 (18 %) 9 (16%)

 2 234 (55 %) 50 (51 %) 31 (54%)

Note: Values for categorical variables are given as number (percentage); values for continuous variables, as median [interquartile range]. 
Conversion factor for Scr in mg/dL to mol/L, ×88.4.

ATI, acute tubular injury; BMI, body mass index; ECD, expanded criteria donor; DCD, donation after cardiac determination of death; KDRI, 
kidney donor risk index; KDPI, kidney donor profile index; AKI, acute kidney injury; Scr, serum creatinine

#
KDRI is calculated using the following variables: age, height, weight, race, history of hypertension or diabetes, cause of death, hepatitis C, DCD, 

and terminal Scr.

ˆ
Anova test for continuous variables and chi-square test for categorical variables.

*
Scr in donors on the day of organ procurement
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Table 2

Comparison of traditional and kidney injury biomarker levels between patients varying severities of ATI on 

kidney biopsy

Biomarker No ATI (n=426) Mild ATI (n=98) Severe ATI (n=57) P – valueˆ

Traditional Biomarkers

 ΔScr (mg/dl) 0.1 (−0.2–0.5) 0.1 (−0.2–0.4) 0.3 (−0.1–1.1) 0.02

 Urine Output (ml/kg/h) 1.6 (1–2.9) 1.5 (1.1–2.8) 1.4 (0.7–2.5) 0.5

 FENa (%) 1.1 (0.4–2.8) 1.1 (0.5–3.3) 1.6 (0.4–4.2) 0.02

 FEUrea (%) 46 (33–57.5) 47.1 (36–56.2) 48.9 (33.0–59.2) 0.8

 SUN-Scr ratio 15.6 (11.8–22) 16.3 (12.2–23.3) 14.3 (11.7–26.5) 0.4

Kidney Injury Biomarkers

 NGAL (ng/mL) 45.2 (15–172.1) 103.8 (14.7–370.2) 201.5 (34.4–530.3) <0.001

 L-FABP (ng/mL) 13.8 (4.8–62) 21.6 (4–78) 37.8 (7.6–85.6) 0.04

 IL-18 (pg/mL) 56.8 (23.8–128.4) 58.6 (22.6–122.6) 66.3 (30.3–155.74) 0.7

 KIM-1 (ng/mL) 1.5 (0.7–3.7) 1.5 (0.9–3) 1.2 (0.7–2.8) 0.9

Note: Values are given as median [interquartile range]. Conversion factor for Scr in mg/dL to mol/L, ×88.4.

ATI, Acute Tubular Injury; Scr, serum creatinine; FENa, fractional excretion of sodium; FEUrea, fractional excretion of urea; SUN, serum urea 
nitrogen. NGAL, neutrophil gelatinase-associated lipocalin; L-FABP, liver-fatty acid binding protein; IL-18, interleukin 18; KIM-1, kidney injury 
molecule 1.

ˆ
ANOVA test
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