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SUMMARY

Acceptance criteria of deceased donor organs have gradually been extended
toward suboptimal quality, posing an urgent need for more objective pre-
transplant organ assessment. Ex vivo normothermic machine perfusion
(NMP) combined with magnetic resonance imaging (MRI) could assist
clinicians in deciding whether a donor kidney is suitable for transplanta-
tion. Aim of this study was to characterize the regional distribution of per-
fusate flow during NMP, to better understand how ex vivo kidney
assessment protocols should eventually be designed. Nine porcine and 4
human discarded kidneys underwent 3 h of NMP in an MRI-compatible
perfusion setup. Arterial spin labeling scans were performed every 15 min,
resulting in perfusion-weighted images that visualize intrarenal flow distri-
bution. At the start of NMP, all kidneys were mainly centrally perfused
and it took time for the outer cortex to reach its physiological dominant
perfusion state. Calculated corticomedullary ratios based on the perfusion
maps reached a physiological range comparable to in vivo observations,
but only after 1 to 2 h after the start of NMP. Before that, the functionally
important renal cortex appeared severely underperfused. Our findings sug-
gest that early functional NMP quality assessment markers may not reflect
actual physiology and should therefore be interpreted with caution.
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Introduction

Organ quality assessment

The shortage of donor organs remains a persistent glo-
bal problem. In order to bridge the gap between the
supply of and the demand for donor organs, acceptance

criteria of deceased donor organs have been expanded,
resulting in the increased use of suboptimal quality
grafts. At present, 12-20% of procured deceased donor
kidneys are discarded [1-4]. The main reason for kid-
neys to be declined for transplantation is presumed
inferior organ quality. However, current clinical organ
assessment strategies are predominantly subjective.
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Inevitably, kidneys suitable for transplantation could
incorrectly be discarded. Conversely, almost 25% of
expanded criteria donor kidneys that were judged as
acceptable for transplantation show a poor outcome after
all [5]. Therefore, there is an urgent need for more objec-
tive and reliable pre-transplant donor organ assessment.

Normothermic machine perfusion

Whereas hypothermic (1-7°C) machine
(HMP) has been put into use as an improved donor
kidney preservation method compared to static cooling
[6], ex vivo normothermic machine perfusion (NMP) at
temperatures around 35-37°C entails further advantages.
Since cellular metabolism is reactivated
physiological environment, NMP could assist clinicians
in the decision of whether or not a donor kidney is
suitable for transplantation. NMP has also been investi-
gated as a renal preservation technique, as well as a
platform for pre-transplant organ conditioning which
might have the ability to mitigate ischemia—reperfusion
injury [7-9]. In the UK, initially declined human kid-
neys, donated after circulatory death, were successfully
transplanted after NMP assessment prior to transplanta-
tion [10]. In a porcine model, various durations of
warm ischemia, perfusion characteristics, and perfusate
biomarkers during NMP allowed to predict aspects of
post-transplantation graft function to some extent [11].

Nevertheless, renal quality assessment during NMP
remains in its infancy. In order to develop NMP as an
organ quality assessment tool, there is a need to better
understand the evolvement of physiological conditions
within the organ over time during perfusion, and how
these differ from in vivo physiology. Ex vivo NMP
assessment parameters that are currently considered are
for example renal blood flow and macroscopic appear-
ance of perfusion, but knowledge about the expected
evolution of ex vivo regional perfusion distributions
during NMP is currently lacking. Insight into such
important intrarenal processes is essential to appreciate
how measurements during NMP might convey reliable
information about organ quality.

perfusion

in a near-

Magnetic resonance imaging

Imaging techniques have the potential to provide a bet-
ter understanding of intrarenal physiological processes
and could elucidate unique information through imag-
ing biomarkers of organ viability. While some tech-
niques require the admission of exogenous contrast
agents, non-contrast-enhanced techniques are preferable
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since they avoid the risk of gadolinium-based nephro-
genic systemic fibrosis [12]. Arterial spin labeling (ASL)
is a functional magnetic resonance technique that uses
water molecules as an endogenous contrast agent. ASL
relies on magnetically tagging inflowing protons within
a certain area of interest, (e.g., in the renal artery), and
subsequently following these tagged protons while they
move through a target volume such as a kidney. Over a
defined period of time, “tagged” and “control” images
are subtracted, resulting in a perfusion-weighted image
in which signal intensity is proportional to perfusion.
Since ASL does not require an exogenous contrast agent
which could accumulate in the circulation and tissue, it
is highly suited for serial monitoring of perfusion.

Our group has developed an MRI-compatible ex vivo
NMP setup for human-sized kidneys to reliably perform
warm perfusions for a prolonged period of time. The aim
of this study was to characterize the regional distribution
of renal blood flow during several hours of NMP, using
ASL-derived perfusion maps as primary readout.

Materials and methods

Organ procurement

Nine viable porcine (female Dutch landrace pigs,
around 130 kilograms) kidneys were procured from a
local slaughterhouse, in accordance with all guidelines
of the Dutch food safety authority. Twenty minutes
after cardiac arrest of the pig, both kidneys were recov-
ered en bloc. The kidney with the most favorable vascu-
lature was connected to a pressure-controlled
oxygenated HMP (1-5 °C) device (Kidney Assist Trans-
port®, Xvivo, Goteborg, Sweden), primed with cold
University of Wisconsin Machine Perfusion Solution
(Belzer MPS®, Bridge to Life, Columbia, USA), at a
pressure of 25 mmHg. Oxygenated HMP is the standard
preservation method in The Netherlands for most kid-
neys donated after circulatory death and was used in
our experiments to bridge the time interval between
organ procurement and the availability of the MRI
scanner, mimicking a clinically realistic cold organ
preservation interval of approximately 10 hours. Oxygen
was added to HMP, because of its proven beneficial
effects in human and animal studies [13-19].

Four human discarded kidneys from deceased donors
in the Netherlands were obtained after refusal by all
transplant centers within the Eurotransplant region. We
complied with our general infection prevention protocols
when handling human and animal materials. Afterward,
all surfaces were disinfected with 70% ethanol.
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Normothermic machine perfusion

Our MRI-compatible NMP perfusion setup (Fig. 1)
consisted of a centrifugal pump (Medos Medizintech-
nik AG, Stolberg, Germany) controlled by custom-
built hardware and custom-written software (LabView
Software, National Instruments Netherlands B.V.,
Woerden, the Netherlands). The perfusate used for
the porcine kidneys consisted of isolated autologous
red blood cells (RBCs), crystalloids, albumin, crea-
tinine, antibiotics, and electrolyte supplementation
(Appendix 1). In the experiments with human dis-
carded kidneys, washed human 0-negative RBCs from
the blood bank were used, whereas all other perfusate
additions remained the same. The perfusion solution
was oxygenated and heated to 35-37°C by a clinical-
grade oxygenator/heat exchanger (Hilite 800 LT,
Medos Medizintechnik AG, Stolberg, Germany) sup-
plied with carbogen (95% O,/5% CO,) at a rate of
0.5 ml/min. Renal flow rates were externally measured
with an ultrasonic flow sensor (Transonic® HQXL
Flowsensors, Ithaca, IL, USA). A SealRing® cannula
(Organ Recovery Systems, Itasca, IL, USA) was placed
around the aortic patch of the kidney, after which
the kidney was positioned inside a custom-modified
MRI-compatible organ chamber (LifePort™, Organ
Recovery Systems, Itasca, IL, USA) in the isocenter of
the MRI scanner, with 7.5m long polyvinylchloride
tubing (inner diameter of 7mm) connecting the organ
chamber to the other perfusion hardware that was
located in the scanner’s control room. Perfusion pres-
sure was continuously measured in the arterial can-
nula, through 4 connected pressure lines measuring
2m each, with an inner diameter of 1.0mm (Lectro-
Cath V-Green PE, Vygon, Ecouen, France) hydrauli-
cally connected to a clinical-grade pressure sensor
(TruWave disposable pressure transducer, Edwards
Lifesciences, Irvine, CA, USA) positioned in the con-
trol room at the same height of the kidney.

Perfusion protocol

We aimed to visualize intrarenal perfusion during the
first 3h of NMP with a constant pressure of
85 mmHg. ASL scans were performed every 15 min.
After 3 h, in porcine kidneys, we also investigated the
effect of hypotension on renal perfusion. Every 6 min,
perfusion pressure = was steps  of
10 mmHg, from 85 mmHg to 25 mmHg, followed by
a step-by-step increase back to 85 mmHg. After a
short stabilization period of 3 min per step, ASL

decreased in
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scans were performed (Fig. 2). For logistical reasons,
human discarded kidneys only underwent regular
NMP for 3 h.

Samples

Blood and urine samples were taken hourly and per-
fusate volume loss due to sampling was corrected with
a similar volume of Sterofundin ISO (B. Braun Melsun-
gen AG, Melsungen, Germany). Arterial blood gas sam-
ples were analyzed immediately, and results were used
to guide electrolyte and glucose corrections. Venous
samples were drawn from a 10Fr cannula (Nutrisafe
Feeding Tube, Vygon, Ecouen, France) inside the renal
vein, such that perfusate could still exit the vein without
obstruction. Urine was collected through an 8Fr cannula
(also Nutrisafe Feeding Tube) inserted in the ureter,
and all urine not required for analyses was recirculated
into the perfusion solution. Cortical punch biopsies
(4 mm) were taken after HMP and at the end of NMP,
paraffin-embedded and histologically evaluated by Peri-
odic acid-Schiff (PAS) staining. Formulas used to esti-
mate glomerular rate,
excretion, and oxygen consumption are available in the
Appendix 1.

filtration fractional sodium

MRI scan protocol

For all experiments, a clinical 3T Magnetom Prisma
scanner (Siemens Healthineers, Erlangen, Germany) was
used (software platform VE-11C). A 64-channel head-
neck coil was positioned around the organ chamber
with the kidney. The scanner’s body coil was used as a
transmit coil. ASL was performed using a standard 3D
PASL product sequence-based acquisition in an oblique
sagittal plane in order to scan roughly perpendicular to
the renal artery. Each ASL acquisition employed a flow-
sensitive alternating inversion recovery (FAIR-QIl-)
preparation with a three-dimensional gradient and spin
echo (3D-GRASE) readout. The field of view was
188 x 188 mm, base resolution 64, resulting in a voxel
size of 3 (slice thickness) X 2.94 X 2.94 mm (by means
of interpolation 3 X 1.5 X 1.5 mm). For each scan, 28
slices were obtained, slice-oversampling was 20% and
phase-oversampling 30%. Phase-encoding direction was
antero-posterior. The repetition time was 5000 ms, echo
time was 16.4 ms, and inversion time was 1990 ms.
Bolus duration was set at 700 ms. The receiver band-
width was 2604 Hz/pixel. Total acquisition time was
2:45 min. Fat saturation to suppress the signal of sur-
rounding fat was applied.

1645

© 2021 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT



Schutter et al.

Oxygenator

Arterial sample point
\

Flow sensor

Ureter .-
cannula

e Pressure line
Sample point

renal vein

\
Arterial line Venous line

-
[\ Flow meter
\

Control software

e
Water bath
S7EC
[

¥
+5% CO2, Venous Pump
sample point

i
‘ ‘ ‘ 95% 02 | !

Figure 1 MRI compatible setup for ex vivo normothermic human-sized kidney perfusion.
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Figure 2 Timeline depicting preservation and machine perfusion of each kidney. WIT: warm ischemia time, CIT1: cold ischemia time between
the first cold flush and start of cold machine perfusion, HMP: hypothermic machine perfusion, CIT2: cold ischemia time between HMP and the
start of NMP in which the kidney was prepared and cannulated on ice, NMP: normothermic machine perfusion, ASL: arterial spin labeling.

Once, a parallel simultaneous perfusion and scanning
setup were performed with two human discarded kidneys
with a peripheral angio 36 coil (Siemens Healthineers).
Due to the adjusted position of these kidneys, acquisition
of the ASL sequence was performed in a transversal plane.
The field of view was 320 X 320 mm; base resolution 64;
resulting in a voxel size of 3 X 2.5 X 2.5 mm. Echo time
was 15.82 ms. For each kidney, 60 slices were obtained.
Other settings were similar to the single kidney scans with
the 64-channel head-neck coil. Total duration of each
scan was 5:25 min.
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Image analysis

ASL techniques are most suitable when data are processed
in a relative sense, comparing corresponding regions within
a single organ. Deriving absolute flow values would require
multiple assumed or estimated parameters, which made us
prefer a proportional, relative approach. Renal perfusion
maps were visualized with Horos medical imaging/DICOM
viewer (version 3.3.6, Horos Project) and resliced in the
coronal plane for analysis. Regions of interest (ROI) were
manually drawn on an overlay of a high-resolution

Transplant International 2021; 34: 1643-1655
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isotropic anatomical T2-weighted image and the corre-
sponding ASL-derived perfusion map (Fig. 3). Cortical per-
fusion values were represented as the mean signal intensity
of an ROI covering the outer renal cortex. To obtain a
mean signal intensity of medullar perfusion, multiple ROIs
were drawn into the medullary pyramids, identified on the
anatomical T2-weighted image. Negative mean signal
intensity of a single medullar ROI (resulting from the sub-
traction of the two primary ASL images) during a low state
of perfusion was attributed to noise, in line with the
deployed ASL approach being insensitive for very low per-
fusion rates. Mean signal intensity was then calculated with
the remaining medullar ROIs.

Statistics

All data are expressed as means + standard deviation.
Statistical evaluation was performed with SPSS 23 (IBM,
Armonk, New York, NY, USA). Mann—Whitney U tests
were used to compare independent groups and Wil-
coxon rank tests to compare repeated measurements
when data were not normally distributed. All tests were
2-sided, and P values <0.05 were considered to indicate
statistical significance. GraphPad (version 8.4.2, Graph-
Pad Prism, Miami, FL, USA) software was used to com-
pose graphs.

Results

Intrarenal perfusion distribution

In all experiments, kidneys showed an evident visual
cortical area

perfusion shift over time toward the

Figure 3 Example of kidney
segmentation for analysis of regional
perfusion. (a) T2-weighted anatomical
image in which the outer cortex and
medullar pyramids were identified. (b)
Overlay image of the T2-weighted
image and ASL-derived perfusion
map. (c) ASL-derived perfusion map
with the identified ROIs.

Transplant International 2021; 34: 1643-1655

(Fig. 4). At the start of NMP, only the central area of
the kidney had a strong signal intensity, while it took at
least 1-2 h before the outer cortex reached a dominant
perfusion state. All kidneys appeared to have a macro-
scopically adequate perfusion, judging from a visually
assessed homogeneously pink outer surface appearance
already in the first minutes after the start of NMP.
Hence, initial appearance of renal perfusion at visual
inspection was very different from the perfusion distri-
bution imaged with ASL.

Average total warm and cold ischemia times were com-
parable between porcine and human kidneys (Table 1),
but given the last-minute nature of the procedures with
discarded human kidneys, ischemia times could not be
protocolized and were more diverse. Reasons for discard
of the four human kidneys were as follows: one kidney
was declined because malignant lymph nodes were discov-
ered in the iliac area during procurement, one due to the
organ’s small overall size with multiple small cysts, and
two kidneys from the same donor were rejected because of
a positive donor hepatitis B virology test. After procure-
ment, two human kidneys were statically stored on ice
and two kidneys were preserved on a clinical HMP device.
Human kidneys were smaller compared with porcine kid-
neys and mean externally measured flow (ml/min/100gr)
was higher in the human kidney group. In the porcine
group, CM ratios reached a plateau around 1.5-2 h of
perfusion. In two human kidney experiments, a plateau
comparable to the porcine group around 1.5h was
observed, whereas two other kidneys’” CM ratios contin-
ued to increase after 3 h. No significant differences were
observed between porcine and human CM ratios during
3 h of NMP.
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Figure 4 ASL-derived coronally resliced perfusion map of a porcine (a) and a human (b) kidney over the first 180 minutes of normothermic
machine perfusion. In the upper right corners are the corresponding renal perfusion rates in ml/min/100g.

Table 1. Baseline characteristics, externally measured
total flow, and ASL perfusion-derived corticomedullary
(CM) ratio of porcine and human discarded kidneys.

Weight prior to 291 (£42) 224 (£69)
NMP (g)
Warm ischemia 21 (£2) 22 (£13)
time (min)
Total cold ischemia 695 (£19) 896 (£+399)
time (min)
Externally measured flow (ml/min/100g)
30 min 83 (£39) 143 (+66)
60 min 117 (£31) 185 (£90)
120 min 129 (£51) 226 (£68)
180 min 116 (+£46) 244 (£50)
ASL-derived perfusion signal intensity (CM ratio)
30 min 2.1 (£2.1) 1.2 (£1.0)
60 min 5.0 (£5.0) 3.0 (£1.1)
120 min 6.5 (£6.4) 4.5 (£1.0)
180 min 5.3 (£3.7) 6.6 (£2.8)

The relation between the externally measured renal
flow and CM ratio seemed very heterogeneous. In several
cases, the kidney had a very stable total flow during the
entire experiment, whereas the CM ratio displayed a
completely different pattern with a clear increase over
time. For example, one kidney had a constant flow of 74-
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98ml/min/100g, while the CM ratio gradually rose from
0.45 to 6.10 (Fig. 5). These observations seem to indicate
that externally measured renal flow does not give ade-
quate insight into the intrarenal flow distributions and
that entirely different regional flow distribution patterns
exist over time within the same kidney with a stable flow.

Externally measured renal flow and corresponding ASL
perfusion-derived CM ratios during the pressure step-
down and step-up protocol after 3 h of NMP are pre-
sented in Table 2. It was notable that during the step-up
phase, total renal flow did not recover to the equivalent
values as seen at similar pressures during the preceding
step-down phase. During hypoperfusion, CM ratios
decreased rapidly, resulting in an intrarenal shift of perfu-
sion from the cortical area to the medullar regions. In
many cases, renal perfusion became ultimately too low to
induce a measurable ASL signal. The total perfusate flow
threshold for an adequate ASL signal within our particu-
lar setup was around 70 ml/min/100g.

Assessment of renal function over time

Since intrarenal flow distribution patterns changed over
time, it seems likely that the different anatomical regions
are served in an unequal pace from the start of NMP
onwards. We hypothesized that this could also affect
glomerular filtration rate (GFR), renal metabolism,

Transplant International 2021; 34: 1643-1655

© 2021 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT



Renal perfusion dynamics during ex vivo normothermic machine perfusion

L 80
s—.
El
g - £a
c 4 - S g
= =
o |- 40 S
«
: . : : 24 — FI |- 20
Figure 5 Series of 1 porcine kidney C"\JAW "
. . p— ratio
with a continuous flow between 74— ° . : T : : . : : : : 0
98 ml/min/100g and very diverse 15 30 45 60 75 90 105 120 135 150 165 180
corresponding CM ratios. minutes

after 1 h of perfusion. The increase of injury marker
ASAT per hour was significantly lower in the third NMP
hour (P = 0.05) compared with the second hour. LDH
increase in the perfusate also diminished per hour, with a
significant difference between the first and third hour
(P =0.008). The human kidney group had a distorted
baseline perfusate content with much higher lactate,

Table 2. Decrease and increase of continuous arterial
perfusion pressure from 85 mmHg to 25 mmHg and back
in 9 porcine kidneys.

85 mmHg (baseline) 106 (£38) 5.0 (+4.1) ASAT, and LDH, probably due to higher hemolysis of
;g mm:g 23 Eigi; i; gigg; human banked erythrocytes, compared with freshly frac-
55 mmHg 69 (+32) 3'7 ( :l:2.8) tionated autologous porcine red cells. Initial lower pH
45 mmHg 54 (429) % needed to be corrected with additional sodium bicarbon-
35 mmHg 38 (£25) ¥ ate, resulting in higher overall sodium levels. Within this
25 mmHg (minimum) 24 (+£19) - small and heterogeneous human kidney group, no statis-
35 mmHg 37 (+24) ’ tical differences could be found between the time points.
45 mmHg 48 (4+25) 1.7 (£1.3)°

55 mmHg 58 (+£27) 2.2 (x1.7)7

65 mmHg 68 (+30) 29 (2,01  Histology

75 mmHg 78 (£35) 3.1 (£2.1)

85 mmHg 86 (£34) 3.7 (£3.4)  Porcine kidney biopsies taken prior to NMP showed

“Duri . . acute tubular necrosis (ATN), with loss of brush border,
uring severe hypoperfusion, most kidneys had no measur- . ) . . R

able ASL signal due to low perfusion. Therefore, no mean flattened epithelia, epithelial vacuolization, and apopto-
CM ratio was calculated. sis. This damage was almost solely visible in proximal
1 missing value. tubuli. Distal tubuli and glomeruli had a normal
appearance. Histological analysis of human discarded
kidneys revealed presence of some pre-existent damage
with interstitial fibrosis, glomerular damage, and tubular
cellular damage, and excretion function over time  atrophy. Biopsies taken at the end of NMP in both
(Fig. 6). Within the porcine group, creatinine clearance,  groups showed worsening of ATN when compared to
oxygen consumption, diuresis, and flow were relatively = pre-NMP biopsies and more edema (Fig. 7).

stable during the first 3 h of NMP and no significant dif-
ferences were observed between the time points (1, 2, and
3 h) after the start of NMP. Fractional sodium excretion
(FENa), however, was remarkably lower after 2  This pilot study is the first to visualize the regional dis-
(P =0.008) and 3 h (P = 0.011) compared with values  tribution of renal perfusate flow with magnetic

Discussion

Transplant International 2021; 34: 1643-1655 1649
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resonance techniques during the first hours of warm ex
vivo perfusion in porcine and human kidneys. Previous
in vivo studies employing ASL-based perfusion imaging
showed CM ratios between 3.1 and 7.2 in healthy vol-
unteers [20-24]. In our experiments, these in vivo physio-
logical ranges were met only after 1-2 hours of NMP. It
seems fair to question whether kidneys from relatively
young animals would show the same intrarenal distribu-
tion compared with human discarded kidneys from
older suboptimal donors. Nevertheless, the similarities
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® Porcine

® Human

Figure 6 Renal quality assessment
markers of 9 porcine and 4 human
discarded kidneys during NMP. Mean
(SD). (a) mean corticomedullary ratio
from the ASL-derived perfusion map.
(b) urine production per hour.

(c) creatinine clearance per hour.

(d) fractional sodium excretion per
hour. (e) hourly increase of lactate
dehydrogenase (LDH). (f) hourly
increase of aspartate
aminotransferase (ASAT).

over time that we found for both types of kidneys have
encouraged us to continue using porcine kidneys as a
suitable model to obtain a better understanding of basic
physiological responses during warm perfusion.

Current literature suggests that blood entering the
kidney via the renal artery is distributed via the large
interlobar arteries, branching into arcuate arteries and
further into smaller interlobular arteries, which ascend
through the cortex and form the origin of afferent arte-
rioles. After the glomerular capillary tufts, only 10% of

Transplant International 2021; 34: 1643-1655
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the blood flow perfuses the renal medulla via the effer-
ent arterioles that cross the corticomedullar border and
give rise to the vasa recta in the outer medulla [25,26].
According to this “serial” vascular anatomy, all medullar
blood must originate from the cortical post-glomerular
vasculature. In our calculation of the CM ratio, medul-
lar ROIs were drawn into the medullar pyramids, avoid-
ing artifacts of the central larger vessels. A low CM
ratio implies a relatively high perfusate flow through the
medulla, despite a low flow through the cortical area.
This finding challenges the aforementioned “serial” vas-
culature dogma, suggesting that some kind of shunting
takes place through vascular pathways that might be too
small to visualize. Another explanation could be the role
of the inner cortex (near and in between the pyramids)
that is left out of our CM ratio calculation, but might
be able to forward cortical perfusion to the central area
via juxtaglomerular nephrons. Nevertheless, an increase
in CM ratio over time marks a delayed reperfusion of
the important outer cortex containing the cortical
nephrons that account for 70-80% of all nephrons [27].

Alterations in cortical and medullar blood flow after
ischemia—reperfusion injury (IRI) have been studied in sev-
eral animal models. Regner ef al. concluded that cortical
blood flow (CBF) fully recovers after 30-45 minutes of IR,
while outer medullar blood flow (MBF) is associated with a
prolonged secondary drop in blood flow [28]. Our experi-
mental kidneys were exposed to much longer ischemia
times, but the cortical signal intensity on the perfusion
maps gradually increased over time, whereas the mean
medullar signal intensity had an average decreasing trend.
Increasing CM ratios could therefore also be explained by
the theory that MBF might be impaired. In vivo CBF is well
known to be autoregulated, but MBF regulation remains
controversial and poorly understood [25,29]. The integrity
and importance of the ex vivo renal cortical autoregulation
after episodes of warm and cold ischemia remain unclear,
warranting further study.

With an increasing number of transplant centers
adopting clinical NMP technology, a better understand-
ing of renal physiology during the course of warm per-
fusion is necessary to develop reliable quality assessment
tools. Hosgood et al. developed a viability score after
60 min of NMP based on the kidney’s macroscopic
appearance, renal perfusate flow, and urine production
of procured human kidneys that were deemed unsuit-
able for transplantation, after which kidneys with a pre-
sumably favorable score were successfully transplanted
[10,30]. However, due to varying approaches and proto-
cols regarding NMP assessment prior to transplantation
by different research groups, there is no consensus yet

Transplant International 2021; 34: 1643-1655

on important issues such as the duration of NMP, per-
fusate composition, optimal hemodynamic conditions,
or reliable viability markers [31].

We found that fractional sodium excretion was signifi-
cantly lower after 2 and 3 h of NMP compared with the
first hour. The high initial excretion of sodium might be
caused by the lack of passive reabsorption in the damaged
proximal tubuli. As time passes during NMP, it might be
possible that sodium—potassium ATPase pumps in the
thick ascending limb of Henle’s loop become activated
and foster sodium reabsorption. Under normal physio-
logical conditions, the kidney only extracts 10-15% of
oxygen from the arterial blood [32]. Yet 80% of the renal
oxygen consumption is used to power tubular sodium
reabsorption [33]. Oxygen consumption in our experi-
ments was very heterogenous between the different time
points. This might be explained by differences in the rate
at which each individual kidney warmed up, the possible
generation of reactive oxygen species by mitochondria
due to ischemia—reperfusion injury [34], or the varying
influence of arterial-venous oxygen shunting [35]. Addi-
tional functional MRI techniques that visualize oxygen
availability could provide essential supplemental infor-
mation to better understand ex vivo renal oxidative
metabolism [36].

Renal perfusion imaging techniques have significant lim-
itations, because of the absence of a practical gold-standard
technique. However, renal perfusion measured by ASL-
derived perfusion metrics has been previously validated
against reference in vivo methods and showed good repro-
ducibility in general, with overall poorer performance in
the medulla than the renal cortex [37]. The main challenge
is the relatively intrinsic poor signal-to-noise ratio (SNR),
compared with contrast-enhanced methods. Only inflow-
ing protons (present in water contained in the blood or
perfusate) are marked as a tracer, which is just a small pro-
portion of the total amount of water within the kidney tis-
sue. Hence, regions with a physiologically lower perfusion
such as the renal medulla suffer more from this limitation.
To mitigate this, multiple label and control pairs were
acquired and subsequently averaged to increase SNR. In
our experiments, we experienced severe signal loss when
the kidney had a total renal perfusion of less than 70ml/
100gr/min and, therefore, these data are less reliable.

Important ASL acquisition parameters are the label-
ing period (determining bolus size) and the post label-
ing delay (PLD) between labeling and imaging (allowing
the bolus to reach the target tissue). In our experiments
renal flow had serious fluctuations, especially within the
first hour of NMP. We used fixed bolus duration times,
independent from the actual renal flow at that time,
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human

Figure 7 Histology (20x magnification) of biopsies taken just before start of NMP and at the end of NMP. (a) porcine kidney before NMP,
showing ATN. As an example three proximal tubuli with ATN are marked with asterisks, the arrow indicates a representative healthy proximal
tubule with PAS-positive brush border. (b) same porcine kidney after NMP, with increased edema (arrowheads) and ATN (asterisks). (c) dis-
carded human kidney from a 71-year-old DBD donor with a suspected malignancy (outside the kidney) before NMP, with pre-existent intersti-
tial fibrosis (arrowheads) and mild ATN (asterisks) in the proximal tubuli. (d) same human kidney after NMP, showing signs of increased ATN

(asterisks). Scale bar: 100 pm.

sometimes resulting in a suboptimal labeling period and
delay. If the PLD is too short, the measured perfusate
flow will be underestimated, and the residual labeled
spins appear as an intra-arterial transit artifact. If the
PLD is too long (or total renal flow relatively high),
the labeled bolus does reach the target renal tissue, but
the extra time causes decay of the label, resulting in a
reduced signal. Future experiments will be performed
with more flow-customized acquisition strategies.
Disadvantages of MRI are the relatively high costs and
complicated logistics, especially when combined with
NMP in a tethered setup such as our current one. But
these limitations are inherent to development of most
new techniques that are still in their infancy. Because of
logistic reasons, we were limited to an NMP duration of
3 h NMP in the present study. However, our research
group has further optimized logistics and is currently per-
forming similar experiments in a porcine model with an
NMP duration of 6 h. In addition, our group is currently
developing an MRI-compatible portable warm perfusion
machine, which could greatly simplify swift pre-

1652

transplant MRI assessment of donor kidneys. The
remaining logistical efforts as well as costs could become
acceptable if the method proves to provide sufficient
diagnostic value in clinical practice, potentially leading to
more available donor kidneys when organs that are cur-
rently discarded can be reliably evaluated ex vivo and
some deemed suitable for transplant after all.

While other radiologic modalities such as Doppler
ultrasound and computed tomography can provide
insight into renal anatomy, vasculature, tissue echogenic-
ity, and perfusion velocity, functional MRI can convey
much more information about organ quality in terms of
physiology and metabolism. ASL, for example, provides
information about actual regional flow (i.e., volume per
unit of time, not just perfusion velocity in terms of dis-
tance per unit of time which Doppler ultrasound can
quantify). It is perfusate flow and not perfusion velocity
which eventually determines the absolute supply of oxy-
gen and nutrients to the renal tissue and being able to
quantify flow allows to estimate the extent to which these
important determinants of healthy renal metabolism are

Transplant International 2021; 34: 1643-1655
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within an acceptable range. In our present study, we
chose to focus on ASL as a measure of regional perfusion
of renal grafts, but there are many other very promising
functional MRI acquisition techniques, such as quantify-
ing intrarenal regional oxygen delivery and consumption
with blood oxygen level dependent (BOLD), measuring
the slope of renal metabolite synthesis with MR spec-
troscopy and detection of the amount of graft fibrosis
through diffusion tensor imaging and MR elastography
[38]. Given this huge potential, we feel that ex vivo func-
tional MRI could provide valuable pre-transplant imag-
ing biomarkers that evaluate important aspects of renal
pathology, physiology, and metabolism to a much greater
extent than more conventional techniques such as ultra-
sound can do.

Conclusion

This study found that intrarenal flow distribution
changes after the start of warm ex vivo perfusion and it
takes 1 to 2 h before an adequate, in vivo like cortical
perfusion is achieved. Since the majority of nephrons
are located in the renal cortex, renal function may not
recover at the same rate as total renal blood flow does
during NMP. Quality assessment markers measured
early after the start of NMP should therefore be inter-
preted cautiously. Given the rapidly increasing popular-
ity of renal NMP, our study suggests that imaging can
help to better characterize ex vivo kidney physiology
and stresses the importance of studies which unravel ex
vivo renal autoregulation and metabolism in order to
develop relevant quality assessment strategies.
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APPENDIX 1

Perfusate composition

*Autologous blood from each pig was obtained and mixed with 25,000 units of heparin (LEO® pharma, Ballerup, Denmark).
Whole blood was depleted of leukocytes using a leukocyte filter (BioR 02 plus BS PF, Fresenius Kabi, Zeist, the Netherlands)
after which a red blood cells (RBC) concentrate was obtained by centrifuging, removing supernatant plasma, washing with
phosphate-buffered saline, centrifuging again, and separating the pure RBCs.

Additional formulas from methods and
materials

min

100g

ml di -k
. min iuresis*Creaty;
Glomerular filtration rate[ } = urine
Creatplasma

Diuresis in ml/min/100gr and creatinine concentra-
tion in mmol/l

Nayrine *Cr eatplasma %100

Fractional sodium excretion[%)] = m
Naplasma Creatyrine

Sodium (Na) concentration and creatinine concentra-
tion in mmol/l
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ml

min

O ti
Xygen consumption 100g

_ Hb*0-024794* ( 100 — 502venous) + K* (pOZarterial - po2venous)
g

xQ x 100

Hemoglobin (Hb) is the perfusates Hb in mmol/l,
pO, is the partial oxygen pressure arterial or venous in
kPa, K is the solubility constant of oxygen in water at
37°C and equals 0.0225 (mL O, per kPa), sO, is the sat-
uration in %, Q is the renal blood flow in dL/min, and
g is the kidney weight in grams.
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