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Abstract

Hypothermic machine perfusion (HMP) is increasingly used in deceased-donor kidney 

transplantation, but controversy exists regarding the value of perfusion biomarkers and pump 

parameters for assessing organ quality. We prospectively determined associations between 

perfusate biomarkers [neutrophil gelatinase-associated lipocalin (NGAL), kidney injury 

molecule-1 (KIM-1), interleukin-18 (IL-18) and liver-type fatty acid-binding protein (L-FABP)] 

and pump parameters (resistance and flow) with outcomes of delayed graft function (DGF) and 6-

month estimated glomerular filtration rate (eGFR). DGF occurred in 230/671 (34%) recipients. 
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Only 1-hour flow was inversely associated with DGF. Higher NGAL or L-FABP concentrations 

and increased resistance were inversely associated with 6-month eGFR, while higher flow was 

associated with higher adjusted 6-month eGFR. Discarded kidneys had consistently higher median 

resistance and lower median flow than transplanted kidneys, but median perfusate biomarker 

concentrations were either lower or not significantly different in discarded compared with 

transplanted kidneys. Notably, most recipients of transplanted kidneys with isolated “undesirable” 

biomarker levels or HMP parameters experienced acceptable 6-month allograft function, 

suggesting these characteristics should not be used in isolation for discard decisions. Additional 

studies must confirm the utility of combining HMP measurements with other characteristics to 

assess kidney quality.

Introduction

Since the original work by Belzer and colleagues in the late 1960s (1), hypothermic machine 

perfusion (HMP) has seen a resurgence as an effective method to preserve deceased-donor 

kidneys that otherwise would be at increased risk for poor transplant outcomes. In the US, 

by 2008, nearly half of the kidney transplants from expanded criteria donors (ECD) and 70% 

of those from donors after circulatory determination of death (DCD) were machine perfused 

(2). With over 100,000 patients on the kidney waiting list in the US, the transplant 

community will continue to rely upon deceased donors with a range of organ quality, and 

HMP of procured kidneys will likely continue to increase (3).

HMP is employed with the goal of reducing the rate of DGF and improving allograft 

function by minimizing the ischemic damage to deceased-donor kidneys that occurs with 

static cold storage (3–5). In a follow-up study of the Eurotransplant HMP trial, Moers et al. 

reported that three-year graft survival remained significantly better in recipients of kidneys 

preserved by HMP compared with static cold storage (91% vs. 87%) (6). The favorable 

effects of HMP may not be universal, however, as no clear benefit was noted for the 

subgroup of DCD kidneys within the Eurotransplant trial nor in an earlier trial by Watson et 

al. that randomized 90 DCD kidneys to HMP or static cold storage (7). Also, a recent study 

by Jochman et al. showed that while machine-perfused DCD kidneys had reduced risk of 

DGF and improved one-year graft function vs. kidneys transported with cold storage, they 

found no significant differences in one-year graft and patient survival between groups (8).

In addition to its potentially modest therapeutic benefits, HMP offers the opportunity to 

assess kidney viability, which is critical to optimal organ allocation. Accurate determination 

of kidney quality may decrease the number of viable kidneys that are discarded as well as 

the number of poor-quality kidneys with unacceptable survival that are transplanted. 

Multiple risk models that rely primarily on donor characteristics and pre-implantation biopsy 

have been developed to evaluate kidney quality. These models are limited, however, in their 

ability to predict individual graft outcomes (9, 10). Many factors not included in these donor 

models may affect kidney quality, including inflammatory injury induced by brain-death, 

hemodynamic instability during the donor hospitalization, traumatic injury caused during 

organ procurement, and ischemic damage to the kidney throughout transport.
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HMP continuously flushes the kidney with cold preservation solution (perfusate) to provide 

nutrients, carry away toxic metabolites, and reduce lactic acid build-up (11). There are 

conflicting reports, however, regarding the ability of biomarkers in perfusate to assess 

kidney quality and predict graft outcomes (12). Our group recently demonstrated the utility 

of perfusate glutathione S-transferase (GST) iso-enzymes for predicting DGF (13), but there 

are no large studies focused on more novel biomarkers of kidney ischemia-reperfusion injury 

in perfusate. HMP also generates real-time pump parameter measurements that include 

perfusion pressure, perfusion flow, and renal resistance, which may reflect the effects of 

continued ischemia on the kidney.

Many institutions already assess kidney quality via these HMP parameters (14, 15). 

Promising subsequent analyses from the Eurotransplant trial mentioned above revealed that 

renal resistance was an independent risk factor for DGF and one-year graft failure (16). 

Though the trial authors argued against the use of pump parameters as kidney discard 

criteria, high renal resistance and low perfusate flow have been associated with higher rates 

of discard (17, 18). Overall, the literature remains mixed about the predictive utility of these 

physical measurements with regard to kidney viability and allograft outcomes (19).

To address continued equipoise regarding the use of pump parameters and to explore the 

association of perfusate biomarkers with recipient outcomes in the setting of real-world 

practice in the US, we conducted a prospective, observational cohort study across multiple 

organ procurement organizations. We sought to examine the associations of kidney injury 

biomarkers in perfusate and pump parameters with both DGF and kidney allograft function 

at six-months.

Materials and Methods

Study Design

Four organ procurement organizations (OPOs) and five academic institutions collaborated 

for this translational study. Yale University served as the sample and data coordinating 

center. The scientific review committees at each OPO and the institutional review boards at 

each academic site approved the study. Authorization for research was obtained from donor 

surrogates and registry data according to individual OPO guidelines.

Study Population

Participating OPOs enrolled deceased donors between May 2010 and December 2013. 

Donors were included if at least one kidney underwent HMP (initiated at the donor hospital) 

and transplanted. Recipients of single kidneys with at least one recorded flow and resistance 

value were included. Kidneys were excluded if no perfusate samples were obtained. We also 

excluded kidneys that were pumped en-bloc, since it would not be possible to determine the 

contribution of each individual kidney to the perfusate biomarker concentrations.

Data Sources and Data Collection

Detailed donor characteristics were extracted from OPO donor charts. This study also used 

data from the Organ Procurement and Transplantation Network (OPTN). The OPTN data 
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system includes data on all donor, wait-listed candidates, and transplant recipients in the US, 

submitted by the members of the OPTN, and has been described elsewhere. The Health 

Resources and Services Administration (HRSA), US Department of Health and Human 

Services provides oversight to the activities of the OPTN contractor. Recipient 

characteristics were obtained from OPTN data files and defined according to the United 

Network for Organ Sharing (UNOS), which is the current OPTN contractor.

Perfusate Collection and Storage

All kidneys were individually pumped using the LifePort Kidney Transporter (Organ 

Recovery Systems, Itasca, IL). OPO personnel managed the perfusion machines according 

to each OPO’s protocol. Kidneys were pumped using pulsatile flow without additives other 

than 1 L of KPS-1 solution at a targeted pressure of 30 mmHg and targeted temperature of 

4°C. Perfusion flow and renal resistance, available for review by potential transplant centers 

as per usual clinical practice, were recorded in our study database at up to five time-points 

(1, 2, 4, 6, and 8 hours). These data were extracted from machine-generated perfusion 

reports or, in the case of one OPO, from the handwritten perfusion report maintained by the 

perfusion technician.

Perfusate samples were collected from the perfusion apparatus at two time points: one 

sample within minutes of starting perfusion (once the perfusionist was confident the pump 

setup was functioning properly, defined as “base”) and a second sample just before the OPO 

transferred management of the kidney (defined as “post”). The timing of sample collections 

was recorded by OPO personnel. Each sample was transported on ice to the OPO and stored 

at −80°C until monthly batch shipments to the coordinating center. One OPO temporarily 

stored samples at −20°C for less than 2 weeks prior to batch shipments. Samples were 

subsequently processed at the coordinating center following a single controlled thaw, 

separated into barcoded aliquots and stored at −80°C without the addition of protease 

inhibitors until biomarker measurement.

Perfusate Biomarker Measurements

Perfusate biomarker measurements were performed in a blinded fashion without additional 

freeze-thaw cycles. Neutrophil gelatinase-associated lipocalin (NGAL) measurement was 

performed with the Architect platform that is approved for clinical use in Europe (Abbott 

Diagnostics, Chicago, IL, USA). The upper limit of the assay was 6000 ng/mL and the 

coefficient of variation (CV) ranged from 1.9% to 7%. The concentrations of kidney injury 

molecule-1 (KIM-1) and interleukin-18 (IL-18) were measured via the Meso Scale 

Discovery platform (Meso Scale Diagnostics, LLC, Rockville, MD, USA), which employs 

proprietary electrochemiluminescence detection methods combined with patterned arrays 

and has an intra-assay CV of <10%. The inter-assay CVs for KIM-1 and IL-18 were 4.5–

7.8% and 3.7–4.9%, respectively. The average lower limits of detection obtained from 24 

runs were 0.39 pg/mL for KIM-1 and 0.12 pg/mL for IL-18. Liver-type fatty acid-binding 

protein (L-FABP) concentration was measured with clinical chemistry analyzers using a 

latex-enhanced immunoturbidimetry method that employs anti-human L-FABP mouse 

monoclonal antibodies (Sekisui Medical CO., LTD., Tokyo, Japan). The inter-assay CV was 

1–3.5%, and the lower and upper limits of detection for L-FABP were 0.5 ng/ml and 250 
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ng/ml, respectively. Biomarkers concentrations measured below the lower limit of detection 

or above the upper limit of detection were imputed as equal to the lowest or highest 

measured value in the cohort, respectively.

Primary Outcomes

All study outcomes were ascertained from data reported by centers to the OPTN. The 

primary outcomes were DGF and 6-month estimated glomerular filtration rate (eGFR). DGF 

was defined as any dialysis in the first week of transplantation. Six-month eGFR was 

calculated from 6-month serum creatinine records using the Chronic Kidney Disease 

Epidemiology Collaboration formula (20). We imputed 6-month eGFR values for recipients 

who experienced graft failure or died prior to 6-months. Graft failures were assigned an 

eGFR of 10 ml/min/1.73m2, and deaths were assigned the last available eGFR carried 

forward. Deaths were ascertained both through center reports to the OPTN and the Social 

Security Death Master File.

Secondary Outcomes

We performed secondary analyses of the outcome of organ discard, which was defined as 

kidneys procured for the purpose of transplantation but not ultimately transplanted. These 

analyses included donors and kidneys in which at least one kidney underwent HMP and a) 

both kidneys from the same donor were transplanted, b) one kidney was transplanted and the 

other donated or c) both kidneys were discarded.

For additional secondary analyses, we evaluated the outcomes of primary non-function 

(PNF, defined by OPTN as failure of the allograft to function by 90 days after transplant and 

necessitating re-transplantation or continued dialysis support) as well as all-cause graft loss, 

death-censored graft failure and recipient death by 6 months post-transplant.

Statistical Analysis

Descriptive statistics were reported as mean (standard deviation) or median [interquartile 

range] for continuous variables and as frequency (percentage) for categorical variables. We 

calculated the kidney donor risk index (KDRI) based on the following donor characteristics: 

age, gender, race, height, weight, history of hypertension, history of diabetes, hepatitis C 

serostatus, stroke as the cause of death, DCD status, and terminal serum creatinine (21, 22). 

We calculated the 2010 kidney donor profile index (KDPI) from the KDRI as per convention 

(22).

The Wilcoxon rank sum test and the Kruskal-Wallis test were used to compare continuous 

variables between groups. Bivariate associations between categorical variables were 

assessed using Pearson’s chi-square test. Spearman correlations were calculated to quantify 

the association between base and post perfusate biomarkers as well as perfusate measures 

between kidneys from the same donor. Multivariable modified Poisson regression models 

were fit to estimate the relative risk of DGF per unit change in biomarkers and machine 

pump parameters (23).
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For each biomarker, its relationship with the response was visually assessed by plotting the 

log risk of DGF versus biomarker via spline transformation. The c-statistic was estimated 

using the trapezoidal area under the ROC curve. We modeled 6-month eGFR using 

multivariable linear regression. In all regression models, perfusate biomarkers were log 

(base 2) transformed. To account for the possible correlation of outcomes for kidneys within 

the same donor, models were fit utilizing generalized estimating equations. The 

multivariable analyses were repeated for all secondary outcomes and for 6-month eGFR as a 

sensitivity analysis after excluding overall graft losses by 6 months (rather than using 

imputed eGFR values). For each biomarker and pump parameter, we incorporated 

multivariable adjustments into regression models as follows: Step 1) we regressed the 

response on a single biomarker or parameter at each time-point separately; Step 2) we added 

the following donor variables: age (years), black race, height (cm), weight (kg), 

hypertension, diabetes, stroke as cause of death, DCD status and terminal serum creatinine 

(mg/dl); Step 3) we added the following transplant and recipient variables: cold ischemia 

time (hours), number of human leukocyte antigen mismatches, age (years), black race, 

gender, previous kidney transplant, diabetes as the cause of end stage renal disease, panel 

reactive antibody, body mass index (kg/m2), and dialysis duration (vintage in months) before 

transplant. All analyses were performed using SAS 9.3 statistical software for Windows 

(SAS Institute, Cary, NC). Statistical tests and confidence intervals (CI) were two-sided with 

an alpha level of 0.05.

Results

Study Cohort

A total of 671 recipients of kidneys that were individually machine perfused from 385 

deceased donors were included (Figure 1). There were significant differences in 

characteristics between machine-perfused kidneys and cold-stored kidneys that were 

excluded in the primary analyses (Supplemental Table S1). For those included, Table 1 

shows baseline recipient and donor characteristics in groups defined by DGF, which 

occurred in 34% (n=230) of recipients. Recipients with DGF had a higher percentage of 

individuals who were male, black race, and receiving chronic dialysis pre-transplant. 

Recipients with DGF also tended to have slightly higher body mass index and longer 

dialysis vintage. Pump duration and cold ischemia time were significantly longer in the 

group with DGF. DCD status was the only donor characteristic that was significantly 

different (37% with DGF vs. 21% without DGF, p<0.001). Notably, the KDPI was similar 

between groups, with a median cohort value of 62 [40–79].

Perfusate Biomarkers and Pump Parameters: Trends and Correlations

The concentrations of all biomarkers significantly increased during HMP from base to post 

time-points. This relationship was observed for varying lengths of pump durations, 

demonstrating a progressive release of all biomarkers into the perfusate during the pumping 

process (Figure 2). Spearman rank correlations between base and post perfusate 

concentrations for each biomarker were modest and ranged from 0.27 to 0.53, and the 

correlations were even more variable between different biomarkers, with a range from 0.01 

to 0.79 (Supplemental Table S2). The length of time varied for the post perfusate collection, 
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and Supplemental Figure S1 shows that the concentration for each biomarker was modestly 

correlated with HMP duration (range from 0.2 to 0.38). Renal resistance progressively 

decreased and perfusion flow increased during the period of HMP (Figure 3). The biomarker 

concentrations and renal resistances between kidneys from the same donor at each time-

point were strongly correlated, with a range from 0.4 to 0.9 (Supplemental Table S2).

Associations with DGF

Table 2 lists median perfusate biomarker concentrations. Base NGAL concentration was 

significantly higher in the DGF group. For KIM-1, approximately 90% of base values and 

53% of post values were below the detection limits, and detectability did not differ by DGF 

status. For IL-18, base values trended higher among kidneys that developed DGF (p=0.055), 

whereas the post values were significantly higher in the DGF group. Both base and post 

perfusate concentrations of L-FABP were significantly higher in the DGF group. No 

independent relationships were detected, however, for any of the biomarkers after adjusting 

for donor, transport and recipient variables (Table 3). Delta concentration (“post” minus 

“base”) also failed to attain independent significance for any perfusate biomarker when 

compared between groups defined by DGF status.

Pump parameters stratified by DGF status are presented in Table 2 and Figure 3. 

Multivariable analyses revealed that 1-hour perfusate flow was independently and inversely 

associated with DGF (Table 3). An increase in flow of 10 ml/min at 1 hour was associated 

with 4% lower risk of DGF after adjusting for donor, transport and recipient variables. 

Individual C-statistics for predicting DGF ranged from 0.52 to 0.57 for the perfusate 

biomarkers and pump parameters. The full clinical model for DGF (adjusting for donor, 

transport and recipient variables but without perfusate biomarkers or pump parameters) had 

a C-statistic of 0.71 and increased to 0.72 (95% CI: 0.67, 0.76) with the addition of 1-hour 

perfusate flow.

Associations with 6-month Allograft Function

Multivariable analyses of the associations between perfusate biomarkers and pump 

parameters with 6-month eGFR are presented in Table 4. Each doubling of post-perfusate 

NGAL concentration was independently associated with a 1.7 ml/min/1.73m2 lower adjusted 

eGFR at 6 months. Post-perfusate L-FABP was also independently associated with lower 

adjusted 6-month eGFR by 1.48 ml/min/1.73m2 for each doubling of the biomarker 

concentration. At neither time-point was perfusate IL-18 nor KIM-1 independently 

associated with 6-month allograft function.

Renal resistance and perfusate flow demonstrated strong trends as well as independent 

relationships with 6-month eGFR at several time-points. Each 0.1 mmHg/mL/min higher 

renal resistance at 4, 6 and 8 hours was associated with lower adjusted 6-month eGFR by 

1.5, 2.5 and 3 ml/min/1.73m2, respectively. Each 10 ml/min faster perfusate flow at all time-

points was also associated with statistically significantly higher adjusted 6-month eGFR, 

with increases in graft function ranging from 0.65 to 0.94 ml/min/1.73m2. When 1-hour flow 

was added to each adjusted biomarker model, the relationship with 6-month eGFR was 

attenuated and became non-significant for NGAL [adjusted regression coefficient (95% CI) 
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from −1.7 (−3.22, −0.18) to −1.51 (−3.1, 0.08)] but remained significant for L-FABP [from 

−1.48 (−2.69, −0.27) to −1.46 (−2.69, −0.23)]. The regression coefficient for 1-hour flow 

was also attenuated at 0.54 (0.02, 1.05) and 0.55 (0.04, 1.06) after adjusting for NGAL and 

L-FABP, respectively.

Organ Discard Status

A total of 198 pumped kidneys from 124 enrolled donors were excluded from the primary 

analyses because of discard. Both kidneys were discarded from 74 donors, and 50 donors 

had one discarded kidney (while the other was transplanted). Of the discarded kidneys, 23 

were not used because of anatomical reasons or increased risk of communicable disease, and 

biomarker measurements were not available for 3 discarded kidneys. Characteristics of the 

remaining 172 discarded kidneys are given in Table 5. As shown in Table 6, median 

resistance was significantly higher and median flow was significantly lower at all time-

points in discarded kidneys when compared to transplanted kidneys either with or without 

DGF. For discarded kidneys, median perfusate biomarker concentrations were not 

demonstrably different (or were even lower in terms of base NGAL and base L-FABP) 

compared with transplanted kidneys. There was a step-wise increase in the proportion of 

kidneys with higher renal resistance values that were discarded; however, the relationship 

with DGF and 6-month eGFR was not robust (Figure 4).

Additional Secondary Outcomes and Sensitivity Analysis

PNF was reported for 15 (2%) recipients. At 6 months post-transplant, there were 52 (8%) 

overall graft losses with 33 (5%) death-censored graft failures and 27 (4%) recipient deaths. 

Neither perfusate NGAL nor L-FABP nor resistance at any time-point were independently 

associated with PNF; however, each 10 ml/min increase in 2-hour perfusate flow was 

associated with PNF with an adjusted relative risk of 0.84 (0.72, 0.97). Neither perfusate 

NGAL nor L-FABP nor either pump parameter at any time-point were independently 

associated with 6-month overall graft loss or with recipient mortality at 6 months. Similarly, 

there were no significant associations for perfusate NGAL, L-FABP or pump parameters 

with 6-month death-censored graft failure.

A sensitivity analysis for 6-month eGFR, in which the 52 overall graft losses were excluded, 

produced slightly attenuated but otherwise similar results compared with the primary 

analysis. The fully adjusted linear coefficients for post-perfusate NGAL and L-FABP and for 

1-hour perfusate flow were −1.52 (−2.92, −0.11), −1.37 (−2.5, −0.24) and 0.73 (0.26, 1.19), 

respectively.

Discussion

This is the largest prospective, multicenter cohort study of perfusate biomarkers and pump 

parameters that reports associations with graft outcomes. Our data indicate that kidney 

injury biomarkers are released into perfusate and increase in concentration over time. The 

perfusate biomarkers and pump parameters were only modestly correlated with one another, 

but there was high correlation of these parameters between left and right kidneys from the 

same donor. One-hour flow was associated with DGF, but we did not detect an independent 
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association between the injury biomarkers and DGF. However, perfusate NGAL and L-

FABP measured near the end of HMP as well as pump parameters (resistance and flow) 

were modestly associated with 6-month eGFR. We also demonstrated that discarded kidneys 

have substantially less favorable pump parameters than transplanted kidneys, suggesting that 

transplant centers are actively utilizing these assessments as criteria for organ acceptance/

refusal.

Following our recent systematic review (12), additional studies have evaluated several 

biochemical analytes in perfusate. In a subset of 111 kidneys from the Eurotransplant trial, 

Nagelschmidt et al. showed that levels of total GST, alpha-GST and lipid peroxidation 

products (LPOP) at the end of HMP were higher in kidneys that developed DGF (24). 

However, only LPOP remained significantly associated with DGF after multivariable 

adjustment, and no biomarkers were associated with later outcomes. Hoogland et al. 

measured 4-hour perfusate samples from 335 transplanted DCD kidneys and noted 

independent associations with primary non-function for LDH and IL-18 (25). Total GST, 

heart-type fatty acid-binding protein, redox-active iron, and NGAL were not associated with 

primary non-function, and no measured biomarkers were associated with 1-year graft 

failure. Snoeijs et al. used 1-hour perfusate samples from 18 kidneys to demonstrate that 

alpha1-antritrypsin was up-regulated in kidneys that developed DGF (26). Guy et al. 

performed 1D proton-nuclear magnetic resonance (1H-NMR) spectroscopy on 45-minute 

and 4-hour perfusate samples from 26 kidneys to show that 28 different metabolites vary in 

concentration throughout HMP, while certain metabolites (leucine, inosine, gluconate and 

glucose) predicted DGF with areas under the curve ranging between 0.732 and 0.895 (27). 

Overall, no perfusate biomarker has yet emerged as a useful diagnostic tool to predict graft 

outcomes although the field remains dynamic with many biomarkers being investigated.

Our study advances existing knowledge about biomarkers of acute injury and pump 

parameters for perfused kidneys. We evaluated the potential utility for measuring perfusate 

NGAL, IL-18, KIM-1 and L-FABP relative to DGF as well as 6-month allograft function. 

We assessed some of the best-studied biomarkers of ischemia-reperfusion injury which have 

shown promise when measured in serum or urine in patients with acute kidney injury. 

NGAL and LFABP are approved as biomarkers of kidney injury in Europe and available for 

clinical use in Japan (28, 29). The development of point-of-care measurement tools for these 

biomarkers expands their potential for use in clinical practice, even in settings such as 

allograft evaluation which require rapid decision-making. However, the modest associations 

that we observed for perfusate NGAL and L-FABP toward the end of HMP with subsequent 

allograft function indicate that, at the individual patient level in the current cohort, these 

biomarkers have poor prognostic utility.

Although our study provides supportive data about the value of HMP parameters relative to 

allograft function, consistent with two recent European studies (16, 30), our data also 

indicate that transplant professionals may be relying too much on discrete cut-points to make 

organ acceptance/refusal decisions. Notably, 90% of resistance measurements from our 

cohort (including kidneys that were ultimately discarded) ranged between 0.1 and 0.6 

mmHg/mL/min. Other investigators have considered a resistance cutoff of >0.3 

mmHg/mL/min as “the earliest significant predictor of 1-year allograft outcome” (31). 
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Given the limitations of current evidence, however, we believe that specific numerical 

thresholds for pump resistance and/or flow are not justifiable and would lead to 

inappropriately higher kidney discard rates where many viable kidneys may be lost. Just as 

the transplant community has begun to consider donor risk on a more continuous scale (i.e., 

KDRI, which incorporates several more risk factors compared with the dichotomous ECD 

designation), we need to consider the most effective way to incorporate HMP physical 

parameters like renal resistance and perfusate flow into scores like the KDRI to 

communicate risk in a more continuous and probabilistic manner.

Important study strengths are the generalizability of this multicenter cohort, data collected in 

real-world practice and the relatively large sample size. Study limitations stem from the 

observational design. Specifically, each OPO followed its own policy in determining which 

kidneys would undergo HMP. Similarly, the “post” value for perfusate biomarkers was 

assessed at a variable time-point (dependent on when the kidney left the control of the OPO 

en route to the recipient), and many factors could have influenced pump duration. In this 

cohort, kidneys with DGF were pumped longer. However, the absolute difference in pump 

time was small (median of 11 vs. 10 hours for non-DGF kidneys). We focused on 

biomarkers of ischemia-reperfusion injury in the perfusate, but other metabolites and 

biomarkers involved in other pathways could also be helpful in this setting. Detailed and 

standardized central pathology interpretation of kidney histology at the time of procurement 

would be very informative but is not available within the OPTN/UNOS database. Lastly, 

despite rigorous adjustment for donor, transplant and recipient variables, residual 

confounding may persist.

Renewed interest in HMP could help expand the kidney donor pool because of its apparent 

therapeutic effect but also by allowing for more accurate kidney quality assessment. As 

demonstrated in the current study, early perfusate flow was independently associated with 

DGF, while perfusate flow throughout HMP, renal resistance beginning at 4 hours, and 

specific perfusion biomarkers toward the end of HMP independently associated with 

allograft function at 6 months. However, the meagerness of associations indicates that these 

pump parameters and perfusate biomarkers have insufficient prognostic utility at the 

individual kidney-recipient level. The larger impact of other donor kidney characteristics, 

logistical concerns, and the modest effects of these HMP-derived measurements on 6-month 

eGFR argue against relying heavily on the pump parameters and biomarkers for organ 

discard decisions. These parameters may only add value in situations where clinicians have 

equipoise about discard. Given the ever-widening gap between organ supply and demand, 

the use of perfusion biomarkers and pump parameters relative to kidney allocation 

acceptance/refusal decisions warrants further critical inquiry. Regarding future prospective 

research, the transplant community should evaluate other commercially available HMP 

devices (along with newer technology/devices as they become available) and employ 

standardized kidney procurement, HMP protocols and perfusate biomarker assessment to 

further elucidate the predictive ability of novel combinations with regard to longer-term 

allograft outcomes. Continued research in this area is clearly needed in hopes of increasing 

access to larger pools of kidneys while simultaneously improving kidney allograft function 

to reduce the need for re-transplantation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study flow diagram.
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Figure 2. 
Perfusate biomarker levels at the beginning (base) and end of perfusion (post) by strata of 

pump duration. Values are Mean ± SE.
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Figure 3. 
Mean renal resistance and perfusion flow over time by DGF. Error bars are ± 1 SE. DGF, 

delayed graft function.
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Figure 4. 
Association of 6-month eGFR and DGF with deciles of renal resistance at 1 hour and 

proportion of discarded kidneys.

Upper panel: Smoothed curve depicting relationship of 6-month estimated glomerular 

filtration rate (eGFR) to renal resistance, estimated from a generalized additive model with 

multivariable adjustments; categorical adjustments are fixed at the most common value, and 

continuous adjustments are fixed at the cohort average. Middle panel: Smoothed curve 

depicting relationship of delayed graft function (DGF) to renal resistance, estimated from a 

generalized additive model with multivariable adjustments as above. Lower panel: histogram 

of renal resistance values, categorized by discard status.
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Table 3

Association of perfusate biomarkers and pump parameters with DGF

Biomarker Time Point (N)

Relative Risk (95% confidence interval) for DGF

Unadjusted
Adjusted for donor variables 

only 1
Adjusted for donor, transport 

& recipient variables 2

Log NGAL

Base (671) 1.11 (1.04, 1.18) 1.05 (0.99, 1.12) 1.05 (0.98, 1.12)

Post (590) 1.08 (1.00, 1.17) 1.00 (0.91, 1.10) 1.02 (0.93, 1.12)

Delta (590) 0.96 (0.89, 1.03) 0.96 (0.89, 1.03) 0.97 (0.90, 1.04)

Log IL-18

Base (664) 1.10 (0.98, 1.23) 1.04 (0.94, 1.15) 1.03 (0.93, 1.14)

Post (591) 1.17 (1.05, 1.30) 1.08 (0.97, 1.22) 1.08 (0.96, 1.21)

Delta (584) 1.09 (0.97, 1.23) 1.05 (0.94, 1.17) 1.05 (0.95, 1.16)

Log KIM-1

Base (626) 1.27 (1.06, 1.52) 1.12 (0.95, 1.34) 1.13 (0.96, 1.33)

Post (590) 1.07 (0.93, 1.22) 0.96 (0.83, 1.11) 0.95 (0.82, 1.10)

Delta (549) 1.02 (0.88, 1.19) 0.95 (0.83, 1.10) 0.94 (0.82, 1.08)

Log L-FABP

Base (671) 1.07 (1.01, 1.13) 1.04 (0.98, 1.10) 1.03 (0.97, 1.09)

Post (591) 1.10 (1.02, 1.19) 1.05 (0.97, 1.13) 1.04 (0.96, 1.12)

Delta (591) 1.00 (0.93, 1.07) 0.99 (0.93, 1.06) 1.00 (0.94, 1.06)

Resistance, 0.1 mmHg/mL/min

1 hr (643) 1.03 (0.98, 1.09) 1.04 (0.98, 1.10) 1.04 (0.98, 1.10)

2 hr (595) 1.03 (0.95, 1.12) 1.03 (0.95, 1.13) 1.03 (0.94, 1.12)

4 hr (570) 1.03 (0.96, 1.10) 1.04 (0.97, 1.12) 1.06 (0.98, 1.14)

6 hr (517) 1.07 (0.95, 1.21) 1.09 (0.95, 1.25) 1.08 (0.95, 1.23)

8 hr (435) 1.11 (0.98, 1.27) 1.16 (1.01, 1.33) 1.14 (1.00, 1.30)

Flow, 10 mL/min

1 hr (643) 0.96 (0.93, 1.00) 0.96 (0.93, 1.00) 0.96 (0.94, 0.99)

2 hr (595) 0.97 (0.94, 1.01) 0.97 (0.94, 1.01) 0.98 (0.94, 1.02)

4 hr (570) 0.96 (0.93, 1.00) 0.96 (0.93, 0.99) 0.96 (0.93, 1.00)

6 hr (517) 0.97 (0.93, 1.00) 0.96 (0.93, 1.00) 0.97 (0.93, 1.01)

8 hr (433) 0.96 (0.92, 1.01) 0.95 (0.91, 0.99) 0.96 (0.93, 1.00)

Biomarkers were added individually to all models (i.e., biomarkers were not combined during multivariable adjustment). Perfusate biomarkers were 
log2-transformed. Delta indicates log2(Post/Base). DGF, delayed graft function; NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney 

injury molecule-1; L-FABP, liver fatty acid-binding protein. Values in parenthesis in represent number of observations for unadjusted model.

1
Donor variables used for adjustment: age, circulatory death (rather than brain death), black race, hypertension, diabetes, height, weight, stroke as 

cause of death, and terminal serum creatinine.

2
Includes all variables listed above plus the following transport and recipient variables: cold ischemia time, age, black race, gender, previous kidney 

transplant, diabetes as the cause of end stage renal disease, number of human leukocyte antigen mismatches, body mass index, duration (vintage) of 
dialysis before transplant, and panel reactive antibody (%).
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Table 4

Association of perfusate biomarkers and pump parameters with 6-month eGFR

Biomarker Time Point (N)

Linear Regression Coefficient (95% confidence interval)

Unadjusted
Adjusted for donor 

variables only 1

Adjusted for donor, 
transport & recipient 

variables 2

Log NGAL

Base (668) −0.23 (−1.32, 0.85) −0.81 (−1.95, 0.33) −0.68 (−1.78, 0.42)

Post (588) −0.40 (−1.80, 1.00) −1.45 (−2.98, 0.07) −1.70 (−3.22, −0.18)

Delta (588) −0.35 (−1.44, 0.73) −0.25 (−1.29, 0.79) −0.58 (−1.62, 0.46)

Log IL-18

Base (661) −0.11 (−2.23, 2.02) −0.24 (−2.23, 1.74) −0.15 (−2.06, 1.77)

Post (589) −1.94 (−3.79, −0.09) −1.76 (−3.61, 0.09) −1.70 (−3.55, 0.15)

Delta (582) −1.91 (−3.66, −0.16) −1.41 (−3.05, 0.24) −1.62 (−3.27, 0.02)

Log KIM-1

Base (623) −2.37 (−7.41, 2.66) −1.89 (−6.78, 3.00) −1.67 (−6.06, 2.72)

Post (588) −0.94 (−3.14, 1.25) −0.37 (−2.52, 1.78) −0.38 (−2.67, 1.90)

Delta (547) −1.09 (−3.24, 1.06) −0.36 (−2.40, 1.67) −0.25 (−2.38, 1.87)

Log L-FABP

Base (668) −0.31 (−1.23, 0.60) −0.56 (−1.41, 0.28) −0.40 (−1.23, 0.43)

Post (589) −1.65 (−2.87, −0.42) −1.64 (−2.87, −0.40) −1.48 (−2.69, −0.27)

Delta (589) −0.75 (−1.77, 0.28) −0.35 (−1.44, 0.74) −0.53 (−1.62, 0.55)

Resistance, 0.1 mmHg/mL/min

1 hr (640) −1.61 (−2.80, −0.42) −0.93 (−2.08, 0.21) −1.11 (−2.25, 0.03)

2 hr (592) −2.76 (−4.79, −0.72) −1.57 (−3.45, 0.31) −1.63 (−3.45, 0.19)

4 hr (568) −2.34 (−3.87, −0.81) −1.06 (−2.32, 0.20) −1.47 (−2.81, −0.14)

6 hr (515) −3.81 (−5.96, −1.66) −1.66 (−3.76, 0.44) −2.48 (−4.55, −0.42)

8 hr (434) −3.76 (−5.94, −1.58) −2.01 (−4.17, 0.15) −3.01 (−5.18, −0.83)

Flow, 10 mL/min

1 hr (640) 0.89 (0.38, 1.41) 0.63 (0.13, 1.13) 0.71 (0.21, 1.20)

2 hr (592) 1.07 (0.49, 1.66) 0.75 (0.19, 1.31) 0.73 (0.18, 1.28)

4 hr (568) 1.13 (0.51, 1.75) 0.66 (0.08, 1.23) 0.81 (0.25, 1.37)

6 hr (515) 0.97 (0.30, 1.63) 0.52 (−0.09, 1.12) 0.65 (0.04, 1.27)

8 hr (432) 1.18 (0.44, 1.91) 0.86 (0.18, 1.55) 0.94 (0.28, 1.59)

Perfusate biomarkers were log2-transformed. Biomarkers and pump parameters were added individually to all linear regression models (i.e., 

biomarkers were not combined during multivariable adjustment). Delta indicates log2(Post/Base). eGFR, estimated glomerular filtration rate; 

NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1; L-FABP, liver fatty acid-binding protein. Values in 
parenthesis in represent number of observations for unadjusted model.

1
Donor variables used for adjustment: age, circulatory death (rather than brain death), black race, hypertension, diabetes, height, weight, stroke as 

cause of death, and terminal serum creatinine.

2
Includes all variables listed above plus the following transport and recipient variables: cold ischemia time, age, Black race, gender, previous 

kidney transplant, diabetes as the cause of end stage renal disease, number of human leukocyte antigen mismatches, body mass index, duration 
(vintage) of dialysis before transplant, and panel reactive antibody (%).
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Table 5

Kidney (donor) characteristics by discard status

Kidney Characteristic Discarded (N=172) Transplanted (N=671) P 1

Age, years 56.4 (13.5) 46.8 (13.7) <0.001

Male 89 (52%) 415 (62%) 0.016

Black race 39 (23%) 102 (15%) 0.019

ECD 106 (62%) 205 (31%) <0.001

DCD 27 (16%) 175 (26%) 0.004

Kidney donor profile index, % 88 [69–96] 62 [40–79] <0.001

Kidney donor risk index 1 1.90 [1.50–2.32] 1.40 [1.12–1.70] <0.001

Hypertension 116 (67%) 262 (39%) <0.001

Diabetes 7 (4%) 73 (11%) 0.007

Height, cm 169 (10) 170 (11) 0.026

Weight, kg 88.9 (26.8) 83.3 (22.5) 0.015

Stroke as cause of death 115 (67%) 289 (43%) <0.001

Terminal serum creatinine, mg/dL 1.5 (1.05) 1.22 (1.01) <0.001

Pump Duration, hours 9 [7–13] 10 [6–15] 0.373

Discard reason provided to OPTN

 Biopsy findings 77 (45%)

 No recipient located 53 (31%)

 Other 2 21 (12%)

 Poor organ function 10 (6%)

 Too old on pump 6 (3%)

 Donor medical history 2 (1%)

 Warm ischemic time too long 2 (1%)

 Organ not as described 1 (1%)

Values are mean (SD), median [interquartile range], or n (%). ESRD, end-stage renal disease; DCD, donation after cardiac death; ECD, expanded 
criteria donor; OPTN, Organ Procurement and Transplantation Network.

1
Wilcoxon rank-sum test (discarded vs. transplanted)

2
Additional text field information available for 18 of these kidneys suggested 11 were discarded because of machine perfusion parameters.
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