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Introduction: Transplantation of kidneys from expanded criteria donors (ECD),
including after circulatory death (DCD), is associated with a higher risk of
adverse events compared to kidneys from standard criteria donors. In previous
studies, improvements in renal transplant outcomes have been seen when
kidneys were perfused with gaseous oxygen during preservation (persufflation,
PSF). In the present study, we assessed ex-vivo renal function from a Diffusion
Contrast Enhanced (DCE)-MRI estimation of glomerular filtration rate (eGFR);
and metabolic sufficiency from whole-organ oxygen consumption (WOOCR)
and lactate production rates.

Methods: Using a porcine model of DCD, we assigned one kidney to antegrade
PSF, and the contralateral kidney to static cold storage (SCS), both maintained for
24 h at 4°C. Post-preservation organ quality assessments, including eGFR,
WOOCR and lactate production, were measured under cold perfusion
conditions, and biopsies were subsequently taken for histopathological analysis.
Results: A significantly higher eGFR (36.6 +12.1 vs. 11.8 + 4.3 ml/min, p <0.05),
WOOCR (182 + 33 vs. 132 + 21 nmol/min*g, p < 0.05), and lower rates of lactate
production were observed in persufflated kidneys. No overt morphological
differences were observed between the two preservation methods.

Abbreviations

AKI, acute kidney injury; ATP, adenosine triphosphate; AUC, area under the curve; CIT, cold ischemia time;
CPT, cold preservation time; DBD, donation after brain death; DCD, donation after circulatory death; DCE-
MRI, Dynamic Contrast-Enhanced Magnetic Resonance Imaging; DGF, delayed graft function; ECD,
expanded criteria donation; eGFR, estimated glomerular filtration rate; Gd, gadolinium; H&E,
hematoxylin and eosin; HMP, hypothermic machine perfusion; IACUC, institutional animal care and use
committee; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; NMP,
normothermic machine perfusion; OCR, oxygen consumption rate; PNF, primary (graft) non-function;
PO2, partial pressure of oxygen; PSF, persufflation (perfusion with gaseous oxygen); ROC, receiver
operating characteristic (curve); SCS, static cold storage; WIT, warm ischemia time; WOOCR, whole-
organ oxygen consumption rate.
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Conclusion: These data suggest that antegrade PSF is more effective in preserving
renal function than conventional SCS. Further studies in large animal models of
transplantation are required to investigate whether integration with PSF of
WOOCR, eGFR or lactate production measurements before transplantation are
predictive of post-transplantation renal function and clinical outcomes.
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Despite increased awareness, solicitation, and organization of
organ donation in the United States and concerted efforts to
expand the number of organs available for transplantation while
balancing fair access (equity) and efficient use (utility) (1), the
waiting list for kidney transplantation in the US now exceeds
90,000 persons. Recognizing the inadequacy of the supply of
organs to meet current and future needs of the transplant
recipient population, the transplant community continues to
reassess the criteria for donor acceptability with the goal of
increasing organ availability (2, 3). Consideration of kidneys
from expanded criteria donors (ECD) and donations after
circulatory death (DCD) perforce increase the latent organ pool.
However, apprehension about the quality of ECD and DCD
donations may cause transplant centers to reject kidneys because
of their perceived higher rates of primary non-function (PNF)
and delayed graft function (DGF), which jeopardize graft survival
statistics, adversely affect the rates of patient morbidity and
mortality, and compromise transplant center quality metrics.

Concerted  efforts to advance organ preservation
notwithstanding, the principal methodology in use for deceased
donor kidney preservation remains static cold storage (SCS), in
large part because of its simplicity and its long history of success
in the realm of donation after brain death (DBD). Because of the
predominance of intraregional organ sharing (4), cold ischemia
times are usually less than 24 h, which is supportable by SCS.
With DCD, however, an additional variable affecting organ
quality is quite obviously introduced: an interval of warm
ischemia time (WIT) which is difficult to precisely quantify as to
extent and duration. A common if unwritten criterion of many
transplant centers for refusal of DCD kidneys is a warm ischemia
time estimated to be greater than 45-60 min (5).

Although SCS quickly slows metabolism by rapid cooling of the
renal parenchyma (6), prevenient warm ischemia results in
diminished energy reserves which continue to be consumed
during WIT without replenishment. Adenosine triphosphate
(ATP) stores likewise cannot be renewed during subsequent
hypoxic SCS. Various approaches for machine perfusion have
been explored in efforts to improve the quality of donated organs
which have suffered significant warm ischemia; these include
hypothermic machine perfusion (HMP) and normothermic
machine perfusion (NMP) and numerous modifications thereof,
as reviewed in (7-10). Oxygenation of the perfusate can be

integrated into HMP but is constrained by the solubility of gas in
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the water-based preservation solution. Oxygenation is an
essential component of NMP in which the perfusate includes
erythrocytes or oxygen-carrying blood substitutes. The premise is
simple: providing oxygen to the kidney enables aerobic
metabolism, facilitating replenishment of depleted ATP stores,
and thus “resuscitating” the kidney by ameliorating or reversing
deleterious effects of warm ischemia. Moreover, if perfused with
sufficient oxygen, even organs maintained under hypothermic
conditions will continue to produce and utilize energy (8, 9, 10, 11).

An alternative approach to preservation by SCS, HMP or NMP
is persufflation (PSF): the organ vasculature is perfused, not with a
liquid perfusate, but by humidified air supplemented with oxygen
at a supra-ambient partial pressure of oxygen (PO2) [reviewed in
(11-

preservation, despite a number of reports demonstrating its

). However, PSF has failed to gain traction in organ

experimental effectiveness in the preservation of various organs,
), lung (16), liver (15, R ),
pancreas (19-21) and kidney (13, 17, 22). Of note, in animal
models of DCD, PSF has a demonstrably beneficial effect upon
organ function (23-27).

including the heart (14,

In the early studies of kidney PSF, investigators pursued both
the “antegrade” (via the renal artery) and the “retrograde” (via
the renal vein) approaches, as previously reviewed in detail (13).
However, retrograde PSF of the kidney requires creating multiple
tiny puncture wounds in the capsule to relieve pressure;
antegrade PSF, on the other hand, has the perceived disadvantage
of exposing the endothelium of the arterial system to higher gas
pressures. In the early 1970, studies by Isselhard, comparing the
two approaches, concluded that better preservation was achieved
with retrograde PSF (28-32). Based on Isselhard’s work, the
retrograde approach dominated renal persufflation thereafter.
However, because of clinicians’ concerns that even minor injury
to the organ by needle pricks could potentially lead to
complications during the early post-transplantation period, and
recent technical refinements in devices to deliver PSF, we chose
in the current study to evaluate the more physiologic antegrade
approach to persufflation.

A (difficulty encountered in any animal study of organ
preservation is the dearth of ex vivo real time analytics of proven
value for predicting either PNF or DGF. Although uncommonly
exploited for this purpose, a body of evidence indicates that
oxygen consumption rate (OCR) is a reliable method for
assessing metabolic activity, hence viability, of isolated pancreatic
islets (33-37) and intact kidneys (whole organ OCR, WOOCR)
(38, 39). We therefore chose WOOCR as a measure of global
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metabolic activity of the preserved kidney. A second methodology
that we applied to evaluate the efficacy of PSF on renal function in
real time is dynamic contrast-enhanced magnetic resonance
(DCE-MRI), a
visualization of intrarenal blood flow; importantly, it can

imaging non-invasive technique for the
discriminate between cortical and medullary blood flow (40-43).
Data derived from DCE-MRI can be used to calculate certain
physiological parameters, including regional filtration, filtration
fraction and estimated glomerular filtration rate (eGFR), which
are recognized measures of kidney function.

In the current studies we used a DCD porcine kidney model,
integrating oxygen-sensing (OCR)
(DCE-MRI), a conventional metabolic parameter (lactate
production), and histopathology. WOOCR, DCE-MRI-estimated
eGFR and lactate production were measured ex vivo in kidneys
subjected to 30 min of WIT and 24h of cold ischemia time
(CIT) to mimic DCD clinical renal transplantation. Under these

and imaging technology

conditions and based on the specified parameters, we conclude
that PSF preservation is superior to SCS.

2.1 Animal ethics

This study was approved by the institutional animal care and
use committee (IACUC) of the University of Arizona. All animal
care procedures were in accordance with university policies.
Domestic female juvenile pigs weighing 35-50 kg were purchased
from Premier BioSource ( ).

2.2 Organ procurement and preservation

The experimental design is depicted in . Briefly,
heparinized porcine donors were euthanized, exsanguinated, and
their circulation flushed with two liters of heparinized saline
solution at room temperature via the abdominal aorta. The
kidneys (and other organs) then remained in place for 30 min of
warm ischemia. After bilateral nephrectomy, the renal arteries
and veins were cannulated with luer-lock catheters (Cole-
Parmer). The kidneys were initially flushed with 400 ml of 4°C
heparinized saline solution, followed by a second flush with
SPS-1 solution (Organ Recovery Systems). One of the two
kidneys was randomized to PSF vs. SCS; the other kidney was by
default assigned to the alternate method. The prototype
Newton, MA) delivers
electrochemically generated 40% oxygen mixed with atmospheric
). The persufflator
maintains a manifold pressure of 40-50 mmHg which generates

persufflation device (Giner, Inc.,

air; the gas stream is humidified (

a gas flow rate of ~60 ml/min. The gas outflow tube of the
persufflator is attached to the renal arterial cannula and any gas
leaks from the tissues surrounding the vessels are ligated. Both
kidneys — PSF and SCS - were placed in SPS-1 solution at 4°C
during the 24 h of preservation.
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2.3 Renal oxygenated HMP and whole
organ oxygen consumption rate (WOOCR)

At the conclusion of the 24 h period of either PSF or SCS
preservation, the previously cannulated renal artery and vein
were connected to a custom-built hypothermic machine
(HMP)
temperature of 4 to 8°C. SPS-1 solution was oxygenated with

perfusion system  ( ) maintained at a
40% oxygen using a hollow-fiber oxygenator (Medtronic,
Minneapolis, MN) and the kidney was perfused via the artery
during the OCR measurement. Flow-through fiber optic oxygen
sensors (Instech Laboratories, Inc., Plymouth Meeting, PA)
were installed just proximal to the arterial and distal to the
venous cannulae to measure the decrement of the partial
pressure of oxygen (PO2) across the organ. Before any
experimental measurements were taken, the inline sensors
were calibrated at 0%, 21% and 40% oxygen. The WOOCR
(mol/min/g) of the kidney was calculated by using the mass
balance equation (below), in which Q is the (perfusion) flow
rate in ml/min, « is the solubility (mol/ml/mmHg) of oxygen in
an aqueous solution at the given temperature, and m is the
mass of the kidney in g (39):

Q X (pOZ Arterial — POZ Venous) X «a
m

WOOCR =

2.4 Dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI)

Imaging was performed with a 3T Skyra scanner (Siemens).
The kidneys were secured in a repurposed human kidney cassette
(Organ Recovery Systems, Itasca, IL) and cold-perfused (7°C)
with SPS-1 preservation solution, delivered via a MR-compatible
perfusion circuit. The kidney cassette was inserted into a
standard Siemens Head and Neck RF coil ( ) After 20 s
of pre-contrast image acquisition, the MRI contrast medium, a
4 mM solution of Multihance Gadolinium (Gd)-DTPA (Bracco
Diagnostics Inc. Monroe Township, NJ) was injected into the
cannulated artery. Continuously acquired images were recorded
for 4 min. DCE-MRI was performed using Siemens’ golden angle
stack of star radial acquisition (radialVibe). Compressed sensing
reconstruction with total variation applied in the temporal
dimension was used to reconstruct images with 1s temporal
resolution. The two-compartment model proposed by Tofts (43)
was used to estimate GFR from DCE-MRI. The arterial input
function (AIF) was calculated from the signal acquired from the
renal artery. The signal intensity-time curve for the entire kidney
was converted to a concentration-time curve using MultiHance
R1 (relaxivity) and T1 relaxation times for the SPS-1 solution
measured at 7°C. A delayed mono-exponential function was used
to model delay (7) and dispersion (d) of the AIF signal as the
perfusate reached the renal parenchymal capillary bed. The
nonlinear least square fit method was used to extract four kinetic
parameters: K., Vb, 7, and d. The transfer constant Kj,,
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FIGURE 1

Schematic illustrations of the methodology. (A) Experimental design. Paired porcine kidneys were procured after 30 min WIT, then preserved for 24 h,
either by SCS or PSF, for 24 h of CIT. Measures of renal function were assessed after concluding preservation. (B) A self-contained kidney persufflation
system; within the case is the oxygen generator and a container for the kidney. The gas (40% oxygen) pressure is maintained at 40-50 mmHg) by the
unit. (C) Experimental measurement of WOOCR. The partial pressure of oxygen (PO2) was measured with oxygen sensors positioned at the input and
output ports of a liquid perfusion circuit. WOOCR values were calculated from the differential of the arterial and venous PO2 readings, the flow rate,
and oxygen solubility at the measured temperature, normalized to the mass of the kidney. (D) Experimental evaluation of renal parenchymal perfusion
by DCE-MRI. Images were obtained from isolated porcine kidneys after 24 h CIT, using an MRI-compatible hypothermic perfusion system.

provides a measure of filtration of Gd contrast from the intra-
vascular (IV) to the extra-vascular (EV) space; Vb is the fraction
of liquid within the renal vasculature. From the mean Ki;s
obtained from the kidney signal, the total filtration in the
parenchyma can be calculated as:

GFR = Kyans x Kidney volume.

2.5 Lactate measurements

After 24h of preservation, kidneys were liquid perfused
through the renal artery with SPS-1 solution in a recirculating
hypothermic circuit maintained at 4-8°C. Kidneys were perfused
at a flow rate of 80 ml/min, and the initial 500 ml of effluent
from the renal vein was collected for analysis of lactate content.
The amount of lactate measured in the initial 500 ml of the
recirculation medium closely approximates the amount of lactate
released from cells of the kidney during the 24-hour preservation
period. Effluent lactate concentration was measured with the YSI
2700 biochemistry analyzer (YSI Life Sciences) and normalized
to the renal mass.

Frontiers in Transplantation

2.6 Histopathology

Wedge biopsies were taken from the kidneys after the
evaluation period following preservation. They were fixed with
4% paraformaldehyde, dehydrated, processed and embedded in
paraffin. Tissue samples were sectioned at 5pum with a
microtome and stained with hematoxylin and eosin (H&E)
(Sigma-Aldrich, St. Louis, MO) to evaluate renal morphology by
light microscopy. The sections were assessed for tubular,
glomerular and vascular damage at 100x, 200x and 400x. A
veterinary pathologist (D.B.) blinded to the treatment groups
estimated the amount of damage per tissue section, scored over 5
fields per slide, using a 4-point scale in which 0 indicates no
abnormalities; 1, mild changes; 2, moderate changes; and 3,
severe changes.

2.7 Statistics

The data of WOOCR, eGFR, K,,,s and lactate production
were all accrued from paired kidneys; therefore, the differences
between the treatment groups were analyzed using a paired ¢-test,
run on Graphpad Prism. Statistical significance was set at a

frontiersin.org
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P value <0.05. Unless otherwise indicated, the mean and SEM
values are plotted.

3.1 Whole organ oxygen consumption rate
(WOOCR)

To assess global metabolic activity, WOOCR was evaluated
after 30 min of WIT followed by 24 h of cold preservation time
(CPT), in paired kidneys subjected to either PSF or SCS (n=7
kidneys per group). When measured at 4-8°C, mean WOOCR in
PSF kidneys was 182 (SEM 33) nmol/min/g vs. 132 (SEM 21)
nmol/min/g in SCS kidneys, a significant (p<0.05) difference
(

greater rate indicates, globally, a more active metabolism.

). That persufflated kidneys consumed oxygen at a

3.2 Lactate production

Lactate, a product of anaerobic metabolism, is elevated when
aerobic metabolism has failed. It was measured in effluent
collected from the isolated kidney immediately following the 24-
h preservation period. The amount of accumulated lactate was
compared for paired kidneys (n=4) subjected to either SCS or
PSF (
of 500 ml of preservation solution and normalized to renal mass
was nearly double for static cold storage kidneys, 20.8 (SEM 7)
umol/g, as for persufflated kidneys, 11.5 (SEM 1.4) umol/g, a

). The concentration of lactate in the initial wash

statistically significant difference. Additionally, the rate of lactate
production over the 24 h of cold preservation was calculated

(

). Renal tissue, if supplied with oxygen, metabolizes

10.3389/frtra.2024.1420693

the
concentration in the eluate from PSF-preserved kidneys may be

lactate by gluconeogenesis; therefore, lower lactate
the consequence of decreased production, increased utilization,

or, most likely, both.

3.3 Dynamic contrast enhanced magnetic
resonance imaging (DCE-MRI)

Although the global metabolic activity of PSF-preserved
kidneys than
differences in local renal perfusion and thus in GFR could negate

was greater that of SCS-preserved organs,
that advantage. DCE-MRI was therefore evaluated in five pairs of
kidneys after the 24-h preservation period was completed; Gd
was the contrast agent. Parenchymal perfusion curves showed
).
SCS kidneys exhibited a descending cortical slope of —0.40 +
0.30, whereas the DCE-MRI of PSF kidneys rendered a higher

peak and a significantly steeper slope of —1.38 (SEM 0.34),

different slopes for the two preservation methods (

indicating significantly (p <0.05) greater perfusion and a faster
clearance rate of contrast from the renal cortex.

Kirans (see Materials and Methods) reflects the efflux rate of Gd
from the intravascular to the extravascular space, which in the
kidney
(intravascular

is almost exclusively engendered by glomerular
the tubules
(extravascular space). SCS kidneys had a mean K, value of
0.04 +0.01 ml/g/min while persufflated kidneys exhibited a nearly
three-fold higher rate of 0.11 (SEM 0.02) ml/g/min ( ).

From Kj,,,s values derived from data acquired at 7°C, eGFR was

space) filtration into renal

calculated (normalized to the renal volume), .
Persufflated kidneys (PSF) exhibited a significantly higher eGFR
of 36.6 (SEM12.1) ml/min than the SCS kidneys, eGFR of 11.8
(SEM 4.3) ml/min). In sum, the DCE-MRI documented superior

A 4004
Whole Organ Oxygen Consumetion Rate
300+
2 —
=
§ 200+
o
£
c
1004 —
——
0
SCS PSF
FIGURE 2

(A) WOOCR, measured as shown in

umol*g/hour

Whole kidney oxygen consumption and lactate production after 30 min WIT and 24 h CIT, during which preservation was with either SCS or PSF

1.5
Lactate Production
[—
1.0t
o5 - —
0.0
SCS PSF
, was significantly greater after PSF compared to SCS (n=7, * p<0.05). (B) Lactate production

normalized to kidney mass over 24 h of preservation at 4°C, as calculated from lactate concentration measured in the initial 500 ml effluent
collected after preservation, was significantly (p <0.05) greater after SCS than PSF. Shown are box and whisker plots displaying the minimum
score, first (lower) quartile, median, third (upper) quartile, and maximum score.
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FIGURE 3
Estimation of functional parameters K..,s and eGFR from renal perfusion data obtained by DCE-MRI. Images were obtained from isolated porcine
kidneys preserved for 24 h using an MRI-compatible hypothermic perfusion system, see Figure 1D. (A) DCE-MRI perfusion curves. Regions of
interest around the entire kidney were imaged and graphed to show the average signal intensity over time in the renal cortex and medulla. The
descending slope represents clearance of tracer from the renal cortex; it is significantly steeper in kidneys preserved with PSF (n =4, p <0.05). (B)
Kirans, the transfer constant of Gd moving from the intravascular (glomerular) space into the extravascular, (tubular space), was higher in PSF-
preserved kidneys than in SCS-preserved kidneys (n =5, p<0.05). (C) eGFR was estimated from Ki.ns and total kidney volume. The eGFR was
significantly higher (n =5, p <0.05) in PSF than SCS kidneys, supporting the more favorable efficacy of PSF as an organ preservation method. The
box plots are described in the legend of Figure 2.
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FIGURE 4

Light microscopic images of H&E sections of renal tissue samples. Wedge biopsies of the renal cortex were taken from isolated DCD kidneys after the
24-hour preservation period. (A) and (B) are images from PSF kidneys and (C) and (D) from SCS kidneys. The glomeruli and renal vessels in the biopsies
appeared intact in most areas examined. No overt signs of structural damage were observed in either experimental group. The magnifications noted
are of the objective only; the total magnifications are 100x and 200x. (E) Summation of the light microscopic evaluations. Data presented are average
scores from 5 fields of view from each kidney section for 4 different kidneys in each treatment group.

cortical perfusion and glomerular function of the persufflated failed to reveal any significant differences in morphology between
kidneys, in comparison to matched kidneys submitted to SCS. the SCS and PSF kidneys; both exhibited mild vacuolation and
scattered pyknotic nuclei, which are early signs of degeneration

and apoptosis (Figures 4A-D). Neither group exhibited any

34 Histology notable damage to the renal vasculature. Based on the
pathological scores, there were no significant differences between

Even though PSF-preserved kidneys had superior functional — the two groups, with minimal damage to renal morphology
parameters by WOOCR and DEC-MRI, histological evaluation ~ observed in the renal biopsies of both groups (Figure 4E). The

Frontiers in Transplantation 06 frontiersin.org
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histologic similarities of pairs of kidneys submitted to PSF or SCS
were not unanticipated; much of the tissue damage from WIT +
CPT only becomes histologically evident after restoring normal
circulation (reperfusion injury) by transplantation.

Our principal objective in this study was to evaluate the
potential of PSF of kidneys to potentially (1) improve the quality
and extend the duration of permissible organ preservation; and
(2) mitigate damage from warm ischemia inflicted on the kidney
in the donor before organ removal. These objectives are shared
by hypothermic machine perfusion (especially for ECD and DCD
organs), which is gaining traction for renal preservation.
However, static cold storage/transport remains the dominant
clinical preservation modality today. Thus, SCS was chosen to
represent current clinical practice for our studies.

This report, and the data herein, address three considerations
relevant to the current climate of kidney transplantation
from deceased donors, especially DCD organs. First, persufflation
with 40% oxygen gas proved superior to static cold storage, in a
direct comparison of kidney pairs from single donors submitted
simultaneously to 30 min of warm ischemia, followed by equal
intervals (24 h) of cold preservation. Secondly, the increased
OCR (38, ) of PSF
kidneys compared to their SCS counterparts provided evidence of

) and decreased lactate production (44-

enhanced metabolism attributable to the effective delivery of
these data that
gluconeogenesis within PSF kidneys might have contributed to

oxygen; also  suggest oxygen-dependent
decreased measured lactate production by consuming lactate
during PSF (44-49). Thirdly, although the kidneys were not
tested by transplantation, increased cortical perfusion, faster
clearance from the cortex of Gd MRI contrast, and increased
Kirans and its derivative, (eGFR), attest to the likelihood of superior
functionality of the PSF kidneys. These observations are most
readily unified by the notion that PSF reversed at least some of the
damage inflicted by the earlier period of warm ischemia.

A fourth issue beleaguering the utilization of DCD kidneys was
not directly addressed in this study, namely, the identification of
parameters predicting the functional viability of the organ in its
recipient. If a kidney preordained to be permanently non-
functional (PNF) can be reliably identified before transplantation,
it could be declined, instead of determining its viability by
implanting it in a patient. The antithetical dilemma, a prediction
of delayed graft function should not preclude transplantation;
additionally, a well-grounded prognosis could inform subsequent
clinical decision-making, e.g, criteria for specific recipient
selection; early management of immunosuppression; and the
avoidance of invasive diagnostic interventions. Currently,
measurements of vascular resistance (45) during HMP or NMP
are considered useful indicators but are not discriminating
predictors of PNF or DGF; histopathological assessments of pre-
transplantation biopsies (46, 47) are also useful but require
special expertise to accurately interpret and may not be available

before making a transplant decision. The data in this report
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suggest the possibility — but did not definitively test the
hypothesis by transplantation - that organ OCR and lactate
production might fulfil this objective (DCE-MRI would also be
useful but is logistically problematic). It will be important to
determine the sensitivity, specificity, and the area under the
curve (AUC) of the receiver operating characteristic (ROC), of
OCR and lactate production for the prediction of PNF and DGF;
these determinations require testing by transplantation PSF-
preserved (pig) kidneys after WITs of increasing durations.
Additionally, comparison of real-time WOOCR measurements
with standard static markers of acute kidney injury (AKI), such
as neutrophil gelatinase-associated lipocalin (NGAL), and kidney
injury molecule-1 (KIM-1) (50,
predictive renal function analysis prior to transplantation.

), may refine the sensitivity of

Establishing and verifying reliable predictive parameters would
also facilitate investigations of additional, complementary organ
preservation interventions, such as the inclusion of drugs or
biologics in the persufflate gas mixture.

The data herein support an earlier report that antegrade
persufflation of the kidney provides effective preservation. We
did not however directly compare antegrade to retrograde PSF.
Higher gas pressures (60-100 mmHg) were employed in early
antegrade studies (29, 30) and likely inflicted damage, accounting
for poor function after transplantation. We chose the tenable
hypothesis that the antegrade approach is innately more
physiological; however, we carefully monitored and maintained a
lower pressure (40 mmHg) than used earlier. It should be noted
that for preservation of the pancreas by PSF for islet isolation,
the antegrade rather than the retrograde route is usually, but not
always, exploited; both appear satisfactory. Similarly, both routes
have been explored for hepatic PSF (cannulating the vena cava
for the retrograde approach; for antegrade PSF, either the portal
vein and/or the hepatic artery has been used). Neither route
enjoys a clear advantage.

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

The animal study was approved by University of Arizona
Institutional Animal Care and Use Committee (IACUC). The
study was conducted in accordance with the local legislation and
institutional requirements.
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