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Abstract

OBIJECTIVE This study aims to compare non-invasive real-time optical imaging and measuring methods for the
quantification of microcirculation of organs during normothermic machine perfusion (NMP). This could help to
determine which method is most promising for further development towards a clinical objective transplantability
assessment tool.

BACKGROUND In organ transplantation, microvascular damage due to an ischemic period and reperfusion is
inevitable. Evidence suggests a correlation between microcirculation during reperfusion and post-implantation
organ functionality. Optical methods can measure the organ microcirculation in real-time in-vivo. Laser Speckle
Contrast Imaging (LSCI), Near Infrared Spectroscopy (NIRS) and Sidestream Dark Field Imaging (SDFI) were
evaluated on this purpose during NMP of porcine slaughterhouse kidneys.

METHODS An experiment consisting of steady-state NMP and intervention phases was designed. In the
intervention phases, the pressure control was decreased and increased in steps and a main branch of the arteria
renalis was clamped for three periods with each a consecutive reperfusion phase. Moreover, conventional
functionality assessments, such as perfusate analysis, were performed. The microcirculations of the kidneys were
imaged or measured with one of the optical methods throughout the experiment.

RESULTS Consistent responses to the interventions were observed in the LSCI signals. Moreover, some significant
correlation was found between these signals and conventional functionality assessments. The signals measured
with NIRS showed some trend in response to the interventions. However, these were not as consistent as in the
LSClI signals. SDFI recordings were blurred and did not show any response to the interventions.

CONCLUSIONS From comprehension of the methods by (semi-)objective metrics, it can be concluded that LSCl is
the most promising method for further development towards a clinical objective transplantability assessment tool.
Significant correlations that were found between the LSCl signals and conventional functionality assessments were
considered not clinically relevant due to the small sample size and limited comprehension between different
experiments.



Introduction

Blood circulation delivers nutrients and oxygen to
cells and carries waste materials away, which is
essential for cellular metabolism (1). Temporary
absence of blood circulation is inevitable during cold
organ preservation in the ischemic period between
explantation and implantation in transplantation
procedures (2). This period initiates a cascade of
biological reactions, for example, ATP depletion (3),
the activation of xanthine oxidase (4), and the
generation of radical oxygen species (5). These
reactions lead to postischemic cellular effects such
as endothelial cell dysfunction (6), impaired
vasodilatation (7), and enhanced
vasoconstriction (8), which could damage the organ
tissue and deteriorate its functionality.

Although timely post-ischemic reperfusion
is needed to limit these effects, the reperfusion
could further damage the ischemic tissue (9).
Therefore, the presence of blood flow into an organ
on a macroscopic level during reperfusion is not
necessarily related to a good clinical outcome. Local
microcirculation can be absent under a total blood
inflow within a physiological range, for instance, due
to endothelial swelling induced by hypoxia during
cold preservation (10, 11) and inflammatory
reactions induced by reperfusion (8). Evidence
suggests a correlation between microcirculation
during reperfusion and post-implantation organ
functionality, for example, in renal (12) and
pancreatic grafts (13, 14). Moreover, prolonged cold
preservation times have been associated with both
microvascular  impairment and poor clinical
outcomes (15-17).

The expected functionality of a donor organ
is considered to decide whether to implant a graft or
not (18). However, downregulation of cellular
metabolism during static cold storage (SCS) imposes
restraints on the organ functionality
assessment (19). Ex-vivo perfusion machines, which
can be categorized into hypothermic machine
perfusion (HMP) and normothermic machine
perfusion (NMP), are currently considered to
support the organ functionality assessment (20).
During HMP, oxygen-containing perfusate at
temperatures below 12°C is pumped through the
organ to restore the tissue oxygen saturation and
restart the aerobe ATP formation in the
mitochondria (21). Biomarker levels in the perfusate
can be monitored during HMP to predict post-
transplant outcomes. However, a correlation
between biomarkers and these outcomes has only
been found for flavin mononucleotide (FMN) in liver
grafts, which is a small molecule produced during
nicotinamide  adenine  dinucleotide  (NADH)
oxidation (22). In kidney grafts, no correlation

between HMP biomarkers and post-transplant
outcomes has been found yet (23). NMP can be
started directly after organ retrieval, or after a
period of SCS or HMP. During NMP, a perfusate
containing erythrocytes and oxygen at 37 °C is
pumped through the organ’s vasculature to recover
the cellular energy status, to allow repair of
reversible injury and to facilitate organ functionality
assessment (20). This assessment is especially
valuable during end-ischemic NMP, since it is likely
that biological reactions to a prior SCS period cause
reperfusion injury (24).

Organ functionality assessments can be
based on organ-specific biomarkers. For instance,
ASAT, ALAT, and biliary HCOs, pH and glucose, have
been verified as liver quality indicators during NMP
(25-28). However, for kidney grafts, an objective
assessment is lacking. Hosgood et al. developed an
NMP  assessment score consisting of the
macroscopic appearance of the kidney, renal blood
flow (RBF) and total urine output (29). Although this
score has been verified for assessment of quality and
transplantability = before  transplantation, its
parameters are subjective and can be manipulated
by changing the perfusion conditions. So far, no
objective method to assess the functionality and
transplantability of donor organs during NMP has
been verified. Imaging and measuring techniques
could provide real-time assessments that could help
professionals to make instant decisions. Currently,
these decisions are based on time-consuming
periodic laboratory assessments, which can lead to
missing sudden physiological changes.

Macroscopic imaging and measuring
devices can quantify the amount of blood flow in
tissues or organs (30, 31). The value of these
techniques is limited since they cannot account for
local differences in microcirculation (32). Techniques
that image or measure local differences in
microcirculation directly could add valuable
information on the expected functionality of an
organ after implantation (33). However, these
techniques are not yet routinely deployed
perioperatively in clinical transplantation
procedures (34, 35).

Many imaging and measuring methods for
microcirculation are impractical, time-consuming, or
invasive. For instance, Magnetic Resonance Imaging
(MRI) and Computed Tomography (CT) are usually
not available near an operating room due to their
size. Moreover, analysis with a transmitted light
microscope takes time and cannot provide real-time
in-vivo data (36). Some other imaging or measuring
methods that can measure in real-time use
fluorescent dyes, which can be appraised as invasive
and unwanted for clinical use (37). These constraints
hamper the implementation of these methods for



pre-operative organ assessment in transplantation
procedures.

Optical imaging or measuring methods can
visualise anatomic structures and measure
functional characteristics by using a light source and
photodetector (38). Tissues, cells and molecules
have unique reactions to different light wavelengths
and can influence the detected light by absorption,
reflection, polarization and scattering (39). These
biological reactions to light are the fundaments of
the operation of optical imaging or measuring
methods. Nowadays, these methods are particularly
used for percutaneous measurement, for example,
for the diagnosis of dermatologic conditions (40),
diabetes (41), Raynaud’s phenomenon (42), and
fibromyalgia (43).

Many different optical methods that could
be used to image or measure the microcirculation of
donor organs during NMP are available for
commercial use. The strengths and weaknesses of
non-invasive real-time optical methods regarding
transplantation surgery were assessed in a literature
review (44). This review assembled 9 optical
methods that have been used during periods of
complete local circulatory arrest and immediately
following reperfusion to resemble the periods of
organ preservation and reperfusion. It was
concluded that each method has its unique set of
strengths and weaknesses and that Laser Speckle
Contrast Imaging (LSCI) shows the greatest potential
in transplant surgery. Since some of the optical
methods have not been used to image or measure
during in-vivo or ex-vivo organ reperfusion, an
objective assessment of the suitability of their use
during NMP is lacking. Therefore, the purpose of this
research is to compare these non-invasive real-time
optical imaging and measuring methods for the
quantification of microcirculation of organs during
NMP. This could help to determine which method is
most promising for further development towards a
clinical objective transplantability assessment tool.

In the experiments of this research,
exclusively the microcirculation of porcine
slaughterhouse kidneys was assessed with LSCI,
Near Infrared Spectroscopy (NIRS) and Sidestream
Dark Field Imaging (SDFI). Kidneys were considered
the best applicable organs for the experiments, since
they did not require vessel reconstructions for ex-
vivo perfusion, and expertise and materials for
kidney perfusions were already available within the
institute. Slaughterhouse porcine organs were
chosen because of their wide availability, low costs,
and physiology that approaches human physiology.
LSCI, NIRS and SDFI were the only available methods
of the 9 methods that were discussed in the
literature review. Therefore, they were all included
for further experimental research in this study.

Theoretical background

Although LSCI, NIRS and SDFI are all optical methods,
their operation and the principles they are based on
differ. LSCI is based on a dynamic speckle pattern
that arises from constructive and destructive
interference of polarized backscattered light after
illumination of a region of interest by coherent red
laser light (45). The speckle pattern is detected by a
photodetector and depends on erythrocyte
movement. Decreasing variation and increasing
mean intensity in the speckle pattern indicate
increasing perfusion. A polarization filter is located
in front of the photodetector to minimize tissue
surface reflections since these do not originate from
erythrocyte movement. This filter transmits solely
polarized light perpendicular to the illuminating
beam (46).

A disadvantage of LSCI regarding the other
two methods is the presence of a biological zero
during complete circulatory arrest. Even when
erythrocytes do not move through vessels in a region
of interest (ROI) there is a signal measured, which is
expected to be caused by residual Brownian
movements of macromolecules (47, 48). Moreover,
the LSCI signal is expressed in arbitrary units (AU)
that cannot be translated to flow or velocity units
(49). Therefore, inter-individual comparison of LSCl
results is hard and can be unreliable. Theoretically,
this problem does not impede intra-individual
analyses, since a trend in the signal can be detected.
However, some assumptions have to be made in
each measurement to determine what signal can be
attributed to normal perfusion levels.

The NIRS device used in the experiments
(INVOS 7100, Medtronic) measures tissue oxygen
saturation (StO2). Measurements are based on
differences in absorption rates of near-infrared (NI)
light between oxygenated haemoglobin (HbO,) and
deoxygenated haemoglobin (HbH) (50, 51). The StO»
can be calculated from the amount of detected NI
light after emission through the tissue and is
displayed as a percentage. Therefore, the measured
signal can be used for reliable inter- and intra-
individual analyses.

NIRS measures the StO2 which differs from
the arterial and venous saturation. The measured
percentage represents an average saturation in the
arteries, veins and capillaries in the path of the
emitted light (52, 53). NIRS is widely used to
measure cerebral oxygen saturation intra-
operatively or in the intensive care unit. The INVOS
7100 exists out of 4 sensors that can be attached to
the left and right forehead and the legs. Ischemic
events can be detected by monitoring the cerebral
and leg StO; with these sensors, for instance, events
caused by malfunction of an extracorporeal



membrane oxygenation (ECMO) machine. Kim et al.
found good agreement between the cerebral StO2
and the jugular venous oxygen saturation and
showed some agreement with a previously
proposed intracerebral distribution of arterial and
venous blood (52). Since StOz represents the venous
oxygen saturation rather than the arterial oxygen
saturation, signal decreases are caused by increased
metabolism and therefore describe an improving
situation.

SDFI devices use multiple light sources
located in a circle at the bottom of a probe shaft to
illuminate the tissue with polarized green light (54).
This light is absorbed by haemoglobin in the
capillaries and depolarized and backscattered by the
surrounding tissue. Backscattered light orthogonal
to a photosensitive camera in the probe shaft is
detected after being filtered by an orthogonal
polarizer. In this filter, reflected polarized light from
superficial layers of the tissue is eliminated. The
detected signal is processed into a video that
visualises erythrocyte movement. Vessel density and
perfusion can be assessed in these videos.

LSCI and SDFI were used on porcine
slaughterhouse kidneys in experimental proof-of-
concept research by Heeman et al. (55). They
concluded that LSClI can image renal cortical
microcirculation with high spatial and temporal
resolution and detect local perfusion deficits. In the
same research, they used SDFI to assess the
perfusion simultaneously with LSCI. They removed
the renal capsule locally to be able to image the renal
cortical microcirculation. However, the limitations of
imaging with an intact capsule were not discussed in
this article. In clinical practice, the renal capsule
cannot be removed during a transplantation
procedure. Since this research assesses the potential
of optical methods for further clinical development,
the renal capsule was kept intact during the
experiments.

In the literature review, the characteristics
of these optical methods were assessed (44).
Characteristics of optical methods were found to be
divergent, although it was concluded that the tissue
penetration depth of these methods is overall
limited compared to non-optical imaging or
measuring methods. For LSCI and SDFI, this depth is
limited to approximately 1 mm (55, 56). However,
the penetration depth of NIRS is an exception and
can be up to a couple of centimetres in cerebral and
leg measurements (53, 57). It was assumed that a
similar penetration depth can be reached in renal
measurements, which is advantageous when
compared to LSCI and SDFI. However, no published
articles describe the use of NIRS on organ tissue,
thus proof does not exist yet.

Methods

A suitable optical method for quantification of
microcirculation of kidneys during NMP possesses a
high degree of differentiation for local differences in
microcirculation. Also, changes in the
microcirculation of different proportions must be
indicated by the images or measurements. The
research question that comprises the research
purpose and these characteristics was: ‘Which of the
three optical imaging and measuring methods LSCl,
NIRS and SDFI is the most feasible to assess the
microcirculation of kidneys during NMP?”.

An NMP experiment using porcine
slaughterhouse kidneys was designed to help
answer this research question. A protocol for the
experiment was composed regarding the retrieval
and preservation of the kidneys, the NMP setting,
the interventions during the perfusion, the
conventional functionality assessments, the optical
imaging and measuring, and the analysis. For each
optical imaging or measuring method, the
experiment was repeated 2-3 times using kidneys
from different pigs. Both right and left kidneys were
included. The aim was to acquire a minimum of
2 successfully finished experiments for each optical
method. However, 2 unsuccessful experiments or
1 successful and 1 unsuccessful experiment were
considered satisfactorily for a method that showed
significant  limitations that made  further
experiments impossible or useless.

In two different slaughterhouses, kidneys were
retrieved from pigs intended for consumption.
These pigs were slaughtered by cutting the cervical
vascular system. A minimum of 2 L of blood was
collected in 1 L buckets filled with heparin
(12 500 1U/L). The mixture of blood and heparin was
transferred through a leucocyte filter and collected
in a blood bag until 700 mL of leucocyte-depleted
whole blood was collected. Hereafter, 1 g cefazoline
in 10 mL aminoplasmal 10 % was added and the
blood was stored at room temperature. In case the
preservation duration was expected to be > 4 hours,
100 mL citrate phosphate glucose (CPG) buffer was
added and the blood was stored at 4-12 °C. This
buffer was custom-made and consisted of 2.99 g
citric acid, 26.3 g sodium citrate, 2.22 g monobasic
sodium phosphate and 6 g glucose, all dissolved in
water for injection to make 1 L solution in total. The
use of this buffer is expanded on in the text box
‘Blood preservation’.

After exsanguination of the pig, the carcass
was placed in a hot water bath (°60 C) for
approximately 60 min as is part of the slaughter



Good preservation \

Since erythrocytes in leucocyte-depleted whole blood are metabolically active at room temperature they are in
demand of oxygen and nutrients, in particular glucose. When oxygen and glucose supplies are consumed,
erythrocytes will get into distress leading to a release of lactate and potassium (58, 59). Irreversible damage and
eventually cell death could threaten the usability of the perfusate during NMP. Glucose levels down to 2 mmol/L
were measured after 3-4 hours of preservation at room temperature. Therefore, an alternative method was
needed for preservations > 4 hours.

Two alternative blood preservation methods were invented for experimental research. These were
oxygenated and glucose-infused preservation and preservation on a CPG buffer. Both methods were compared to
untreated blood. All experiments were executed at room temperature with blood derived from one unique
slaughterhouse pig.

For the oxygenated and glucose-infused preservation, the NMP system as can be seen in figure 3 was
used without the water bath, the infusion pump, and the kidney. The system was filled with 700 mL of leucocyte-
depleted whole blood, which was pumped through the oxygenator by the centrifugal pump at 625 rpm. The
carbogen supply (95 % CO2, 5 % 02) of the oxygenator was set at 0.5 L/min. Perfusate samples were taken 10 min
before and 30, 150, 270, 360, and 900 min after the start of the oxygenated circulation. Directly after the sample
at 30 min was taken, 15.2 g of glucose was added to the perfusate. Theoretically, this amount of glucose results
in a glucose concentration equal to the concentration in the blood preserved on the CPG buffer.

For the preservation of whole blood on a CPG buffer, 14.3 mL of CPG buffer was added to 100 mL of
leucocyte-depleted whole blood in a blood bag. This custom-made buffer consisted of 2.99 g citric acid, 26.3 g
sodium citrate, 2.22 g monobasic sodium phosphate, and 25.5 g glucose, all dissolved in water for injection to
make 1 L solution in total (60). Another 100 mL of leucocyte-depleted whole blood was stored in a blood bag
without further treatment. Perfusate samples from both blood bags were taken 270 and 900 min after the
moment the bags were filled, which was in parallel to the oxygenated and glucose-infused preservation.

Perfusate sample analysis with a blood gas analyser (RAPIDPoint 500, Siemens) was performed after the
last sample was taken. To prevent a change in the parameters during the storage due to cell metabolism, plasm
was isolated from one part of each sample. This part was used to analyse pH, glucose, potassium and lactate levels.
The other part of the sample remained untreated and was used to analyse haemoglobin levels and the fractions
oxygenated (FO2Hb) and deoxygenated haemoglobin (FHHb), methaemoglobin (FMetHb), and
carboxyhaemoglobin (FCOHb). Potassium, lactate and haemoglobin were considered biomarkers of erythrocyte
damage, glucose and FO2Hb biomarkers of metabolic activity, and FMetHb and FCOHb toxic biomarkers. All
samples were stored at 7 °C.

A potassium level (figure 2B) of 7.88 mmol/L was measured in the blood before the start of the treatment.
These levels remained stable in the untreated blood, while a decrease was observed in the CPG buffered blood.
In the oxygenated and glucose-infused blood, the potassium levels could not be measured, which indicates an
extraordinary high potassium level. The lactate level (figure 2D) was 4.61 mmol/L before the start of the treatment.
In the untreated and oxygenated and glucose-infused blood, these levels slightly decreased in the first hours.
However, the lactate levels had been increased to 8.24 mmol/L and 6.17 mmol/L respectively at 900 min. Lactate
remained stable in the CPG buffered blood. Glucose levels (figure 2C) in the untreated blood decreased from 4.9
mmol/Lto 1.2 mmol/L. Adding the CPG buffer to the blood resulted in a glucose level increase to nearly 40 mmol/L.
In the oxygenated and glucose-infused blood, the glucose levels could not be measured after the glucose was
added, which indicates an extraordinary high glucose level. In 900 min, the haemoglobin levels (figure 2E)
decreased in all blood.

FMetHb and FCOHb (figure 2F) remained below 0.5 % in all samples, which is far below their toxic
thresholds. In the oxygenated and glucose-infused blood, the FO2Hb level increased to nearly 100 % after the start
of the treatment. The FO2Hb levels (figure 2F) remained stable between 60 and 80 % in the CPG buffered and
untreated blood. However, after 900 min a slightly higher FO2Hb level was measured in the CPG buffered blood
compared to the untreated blood.

In conclusion, the preservation of leucocyte-depleted whole blood on a CPG buffer was suggested as the
best method for preservations > 4 hours. This preservation resulted in a pH (figure 2A) around 7.0, which can be
corrected using NaHCO3 before the start of NMP. The most important observations in favour of the use of a CPG
buffer were the decreasing potassium levels and the stable lactate levels. Although the haemoglobin level
decreased to 7.4 mmol/L, probably caused by cellular damage, this level is considered sufficient for kidney NMP.
The amount of glucose in the CPG buffer resulted in a glucose overshoot in the blood. Therefore, the amount of
glucose in the CPG buffer was decreased from 25.5 g to 6 g for the kidney NMP experiments, which theoretically




resulted in a glucose level increase of 4 mmol/L. Lastly, the CPG buffered blood was stored at 4-12 °C during the
experiments to decrease the metabolic activity of erythrocytes even further.
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procedure, whereafter the internal organs were cut
out. The kidneys were separated from the other
organs and the arteriae (aa.) renalis, venae (wv.)
renalis and ureters were identified. To increase the
chance of successful coupling to a perfusion
machine, the aorta was preferably divided into a
segment containing both arteries. Hereafter, the
aorta could be split into two patches containing the
artery origins that were used for cannulation. The vv.
renalis and ureters were cut at the locations that left
maximal length at the side of the kidney. After the
retrieval of the kidney, the kidney with the best
appearance was flushed with Ringers lactate at room
temperature until the venous outflow was clear.

Hereafter, the kidney was flushed with 200-500 mL
University of Wisconsin Machine Perfusion Solution
(UW-MPS) at 4 °C until the surface colour of the
kidney stopped changing. In case more than 15 % of
the kidney surface remained red or purple, the
contralateral kidney was flushed as well following
the same procedure. The warm ischemic time was
noted.

The kidney that appeared to be the most
viable was preserved using a pressure-controlled
(25 mmHg), oxygenated (0.5 L/min) HMP roller
pump system at 4-12 °C (figure 1). The system filled
with UW-MPS was cooled, primed, and vented
before the pig was slaughtered. UW-MPS was used




for the perfusion. After the kidney had been flushed,
a 10-12 Fr arterial cannula was placed, fixated and
connected to the HMP system and oxygenated
perfusion was started. The start-time of oxygenated-
HMP was noted and the kidney and blood were

Roller pump

transported to the hospital. In case the planned
preservation was >4 hours, a water bath at 4 °C was
attached to the oxygenator of the HMP system.

|Pressure

sensor

Oxygenator

Organ chamber

&4-12‘@

o | Oxygen cylinder

Pressure control

Figure 1

Schematic overview of the HMP system used for cold oxygenated preservation.

Normothermic machine
perfusion

To finish the perfusate, 1 mmol creatinine in 1 mL
aminoplasmal 10 % was added to the CPG buffered
leucocyte-depleted whole blood in the blood bag.
The NMP system (XVIVO, Groningen) as can be seen
in figure 3 was washed with sterile water at 37 °C.
Hereafter, the system was filled with the perfusate
and vented until all air bubbles were removed. The
perfusate was oxygenated with carbogen (95 % O2
and 5% CO2at 0.5 L/min) and heated to 37 °C at least
30 min before the planned start of NMP. The pH,
glucose level and osmolarity of the perfusate were
set at their target values based on analysis of a
sample taken directly after the oxygenation and
temperature were set. For the analysis, a point of
care blood gas analyser (i-STAT 1, Abbott or epoc
NXS, Siemens) was used. To correct a pH lower than
7.35, sodium bicarbonate (NaHCO3) 8.4 % was added
according to the formulas:

..mL NaHCO; 8.4 % =
10PHa=PK4 . 00307 - pC0O, — [HCO5]

[HCO3]
PKA = pH. —log (0.0307 : pCOz)
In these formulas, pHd is the desired pH, pHc the
current pH, and PKA the acid dissociation constant.
A pHa of 7.45 was aimed for before the kidney was
connected to the NMP system, since the system was
sensitive to acidification directly after the start of the
kidney perfusion. During the rest of the NMP
perfusion, the pHq was 7.40. Glucose 5 % was added
to aim for a minimal concentration of 5 mmol/L
according to the formula:

..mL Glucose 5 % = (5 — [Glucose]) * 3.6 *V
In this formula, V is the total perfusate volume.

Furthermore, the osmolarity of the perfusate was
monitored, since electrolytes were excreted in the



urine and not recirculated. To estimate the
osmolarity, the following formula was used:

Osmolarity =
2[Na*] + 2[K*] + [Glucose] + [Urea]

All concentrations in this formula are in mmol/L. The
calculated osmolarity was be kept in a
275-295 mOsmol/kg range. An osmolarity lower
than 275 mOsmol/L was corrected by adding
10x Hank’s Balanced Salt Solution (HBSS) to the
perfusate, according to the formula:

..mL 10x HBSS =
(290 — Osmolarity) = 0.34 xV

This  formula aims for a osmolarity of
290 mOsmol/kg.

After a maximum of 24 hours of HMP, the
kidney was detached from the HMP system. An
8-10 Fr arterial cannula was placed in the ureter and
fixated. Visceral fat surrounding the kidney was
removed until there was a clear view on the kidney
cortex. A punch biopsy was taken and the biopsy
spot was sutured. The main branches of the
arteria (a.) renalis were identified and a loop was
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placed around one of them to make later
identification easier. The kidney was flushed with
200-500 mL Ringers lactate at 25-37 °C. The weight
of the kidney was determined including the
cannulas. The cannulas were filled with perfusate,
the kidney was connected to the NMP system, and
pressure controlled circulation at 75 mmHg was
started. It was checked whether the colour of the
kidney cortex changed from blank to red properly.
Directly after the start of NMP, infusion of
epoprostenol and Soluvit N (table 1) in
aminoplasmal 10 % was started at 10 mL/h. Each
kidney was perfused for 2 hours to obtain a steady-
state. Urine was collected in a collection bin. During
the steady-state perfusion, pH, glucose, and
osmolarity were determined 5, 25, 45, 65, 85 and
105 min after the start of NMP. When these were
aberrant, NaHCOs, glucose 5 %, or 10x HBSS were
infused to reach their target values as previously
described.

After the steady-state phase, the
intervention phases were started. At the end of the
experiment, the kidney was disconnected from the
NMP system. The kidney was weighed including the
cannulas and a wedge biopsy was taken.
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Schematic overview of the NMP system used for warm oxygenated preservation.



Table 1
Overview of the infusions during the kidney NMP.

Product Dose

Infusion speed

Epoprostenol 0,08 mg in 8 mL Flolan solvent
(Flolan) in 42 mL aminoplasmal 10%

Soluvit N 1 vial in 50 mL aminoplasmal 10 %

10 ml/h

The intervention phases consisted of stepwise
pressure decrease and increase, and periods of
arterial branch clamping and reperfusion. In the
second successfully finished experiment for each
optical method, the order of these phases was
reversed.

Stepwise pressure decrease and increase

During this intervention phase, the pressure control
was first decreased to 0 mmHg and then increased
back to 75 mmHg in steps of 5 min each. The first
three pressure decreases were 5 mmHg each.
Hereafter, the pressure was decreased to 0 mmHg in
three steps of 20 mmHg. In the second half of this
phase, the pressure was increased to 75 mmHg in
three steps of 20 mmHg followed by three steps of 5
mmHg.

Arterial branch clamping and reperfusion

To determine the degrees of differentiation for local
differences in the microcirculation of each optical
method, the blood circulation in the kidney was
locally obstructed by clamping one of the main
branches of the a. renalis. During this phase, the
arterial branch that was identified before the start of
NMP was clamped for 3 periods of 5, 10, and 15 min
consecutively. Each clamping period was followed by
a reperfusion period that was twice as long as this
period.

Besides measuring the pH, glucose level and
osmolarity of the perfusate, biomarkers in the
perfusate and produced urine that could indicate
kidney functionality were measured. At set time
points, arterial and venous perfusate, and urine
samples were taken and analysed with a blood gas
analyser. These time points and the biomarkers
measured in each sample are listed in tables 2 and 3
respectively. The arterial samples were taken
directly from the arterial perfusate supply tube. To
prevent errors in the venous measurements due to
the blending of the perfusate, the venous samples
were taken from the perfusate flowing out of the
vena (v.) renalis. The urine samples were taken from

the urine collection bucket. Moreover, the volume of
the produced urine was noted and a new bucket was
placed at the sample time points. Removed sample
volume was corrected for in the volume
measurements. During the stepwise pressure
decrease and increase phase, the urine volume was
noted every 5 min.

The oxygen consumption (VO2) was
calculated from the RBF, arterial and venous
haemoglobin (Hba and Hby), arterial and venous
oxygen saturation (Sa02 and SvO2), and arterial and
venous partial oxygen pressure (pa02 and pvO2) using
the formulas (61):

V0, = RBF(C,0, — C,0,)

Arterial oxygen content: C,0, =
(Hb, - 1.36-5,0,) + (0.0031 - p,0,)

Venous oxygen content: C,0, =
(Hb,-1.36-S,0,) + (0.0031 - p,0,)

Moreover, creatinine clearance (Clcr) was calculated
from the perfusate and urine creatinine
concentrations (Crp and Cry), and the urine volume
(Vu) using the formula (61):

Cry Wy
Cr,

ClCr =

Furthermore, the fractional sodium excretion (FEna)
was calculated from the perfusate and urine sodium
concentrations (Nap and Nau), and the perfusate and
urine creatinine concentrations (Crp and Cru) using
the formula (62):

FEy, = 2% o 1000

Ne ™ Na, - Cr, °
Besides the perfusate biomarker analysis,
histological analysis on the biopsies taken was
performed. The biopsies were stored at room
temperature on formaline for a minimum of 24
hours. Hereafter, they were washed with ethanol
70% and stored at 7 °C on ethanol 70%. The biopsies
were embedded in paraffin wax and a microtome
was used to cut slices. These slices were stained with
a hematoxylin and eosin stain and scanned with a
digital microscope.



Pictures of the kidneys were taken at all time points
at which the urine volume was noted (table 2). These
pictures were used to compare the results of the
optical methods with the macroscopic appearance
of the kidney. Lastly, the measured temperature,

renal blood flow (RBF), and pressure were saved
every second during the experiments. VO2, Clc,
urine production, and RBF were corrected for the
average weight of the kidney.

Table 2
Overview of the time points at which biomarkers were measured during the experiment. * = every 5 min
Time (min) Samples Vu Photo
Arterial Venous Urine
Steady-state NMP -30 N4 N4
5 v v v
25 v v v
45 v v v
65 v v v
85 v v v
105 v v v v v
120 v v
Pressure decrease- 0-30* v v
increase 30 N4 V4 N4 V4 V4
30-60* v v
60 v v v v v
Arterial branch 5 v v v v v
clamping 15 v V4 v V4 v
25 v v v v v
45 v v v v v
60 v v v v v
90 v v v v v

Table 3
Overview of the measured biomarkers in the
arterial, venous and urine samples during the
experiment. * = calculated and not measured
directly

Biomarker Arterial Venous Urine
pH
pO:2
SO
pCO:2
Lactate
Na*

K"
Glucose

*
*

Urea

Creatinine

Hematocrit

NSNS EN IS EN RN AN PN RS

*

LSS NN NN N AN PN IS

*

SISISISISISS

*

Haemoglobin

Laser Speckle Contrast Imaging

The LSCI device (Pericam PSI NR, Perimed) was
placed 27 cm above the kidney surface, which

resulted in an imaged window of 16.2*13.6 cm. For
the recordings, the frame rate was set at
2.1 images/s and the colour photo rate at
1 image/min. The image resolution was
0.20 mm/pixel. The recording was started before the
kidney was connected to the NMP system and ended
10 min after the experiment was finished. Time
points of manipulations to the positions of the LSCI
device and the kidney were noted, since these cause
artefacts.

Near Infrared Spectroscopy

The sensor stickers of the NIRS device (INVOS 7100,
Medtronic) were placed in a sterile transparent
ultrasound probe cover. Potential interference of
the NI light with the cover was examined by placing
a covered and a non-covered sensor sticker on a
specific spot on a human forehead in changing
orders. This experiment was repeated twice and
none of the experiments showed a systematic
difference in the signals derived from covered and
non-covered sensor stickers. Therefore, it was
assumed that potential interference caused by the
cover did not have a relevant influence on the NIRS
signal for the kidney NMP experiment.



The kidney was divided into quadrants and in each
of the quadrants, one covered NIRS sensor was
placed. To secure the position of the sensor, an
elastic net was placed around the kidney. The
sensors were placed on the anterior and posterior
sides and their positions were crossed. The
recording was started before the kidney was
connected to the NMP system and ended 10 min
after the experiment was finished.

Sidestream Dark Field Imaging

To position the SDFI device (MicroScan, MicroVision
Medical), 4 clamps were placed that each positioned
the probe tip in the centre of a kidney quadrant. At
set time points, recordings with a length of
150 frames were made in all quadrants in the same
order. During the steady-state NMP phase, the
tissue was recorded every 10 min starting at 0 min
and ending at 120 min after the start. An additional
recording was made at 5 min. In the stepwise
pressure decrease and increase phase, recordings
were made every 2.5 min. During the arterial branch
clamping and reperfusion phase, the tissue was
recorded every 2.5 min in the 5 and 10 min periods
and every 5 min in the 15, 20 and 30 min periods.

Analysis
Laser Speckle Contrast Imaging

The recordings created with LSCI were analysed
using a data acquisition and analysis software
program (PIMSoft, Perimed) designed to be used
with the LSCI system. In this software, the means and
standard deviations of the signal in specific
timeframes and ROIls were calculated. The 95 %
confidence intervals were calculated from the
standard deviations. Timeframes of 20 s were set
every 5 min during the steady-state NMP phase with
2 additional timeframes at 2.5 and 7.5 min after the
start of NMP. During the stepwise pressure decrease
and increase phase, timeframes were set every min.
In the arterial branch clamping and reperfusion
phase, timeframes were set every 1 min in the first
5 min of a period, every 2 min in the second 5 min
and every 4 min in the resting time. Timeframes that
contained manipulation artefacts were replaced
with an artefact-free timeframe. When no artefact-
free timeframe could be set within the 35 s before
or after the intended starting point of the
timeframe, the timeframe was removed.

In total, 5 ROIs were created in the images
of the recordings. The first ROl contained the whole
kidney cortex except for the outer 1-2 cm. Each of
the other ROIs was placed in a kidney quadrant.
These ROIs followed the same border as the first ROI
on the outside. On the inside, straight borders were
set parallel to the midlines of the kidney with a

margin of 0.5 1.5 cm to each other. An example can
be seen in figure 4.

Figure 4

The ROIs for analysis of the LSCI recordings. ROI 1
contains the whole kidney and ROIs 2 — 5 each
contain a quadrant.

Near Infrared Spectroscopy

The recordings created with NIRS were processed
and converted to a CSV file using a data acquisition
and analysis software program (Invos Analytics Tool,
Medtronic) designed to be used with the NIRS
system. Hereafter, the mean signal and standard
deviations of every 5 min after the start of NMP were
calculated. The 95 % confidence intervals were
calculated from the standard deviations.

Sidestream Dark Field Imaging

The recordings created with SDFI were analysed
using an analysis software program (AVA 4,
MicroVision Medical) designed to be used with the
SDFI system. The number of crossings, perfused
number of crossings and proportion of perfused
vessels (PPV) were calculated from each of the
recordings by an algorithm specifically designed for
the SDFI device used in the experiments.

Correlation analysis

For the methods that showed any response to the
interventions in at least two different kidneys,
correlations with the V02, FENa, CICr, urine
production and RBF were analysed. For each time
point at which VO2, FENa, CICr, and urine production
were analysed in the steady-state NMP and arterial
branch clamping and reperfusion phases, the
preceding averaged value of the measured signal
was matched. Averaged signals in the stepwise
pressure decrease and increase phase were
matched with the averaged RBF over the preceding
20s. Pearson’s r with a 95 % confidence interval and
two-tailed p-value was calculated for the individual
kidneys and all kidneys combined. The correlation
coefficient was considered significant when p <0.05.



Comprehension of the optical methods

To acquire equal comprehension of LSCI, NIRS and
SDFI, the methods were scored on a list of
(semi-)objective metrics (table 4). These metrics
represented characteristics that were expected to
be relevant to methods used in clinical practice. The
list and the order of importance were created in

cooperation with transplant surgeons and a
technical physician who were experienced in kidney
NMP. Reproducibility was assessed in the steady-
state NMP phase, differentiation in the arterial
branch clamping and reperfusion phase, and
sensitivity in the stepwise pressure decrease and
increase phase.

Table 4

Descriptions and examples of the metrics used to achieve equal comprehension of the methods. The order
represents the importance of the metrics. The most important metrics are on top.

Metric Description Rationale

Sterility The risk of introducing pathogens to the High risk of introducing pathogens to the
kidney surface when using the optical kidney surface impedes the implementation
method, while optimal precautions are in clinical practice.
present.

Reproducibility The amount of variation in the measured Low reproducibility makes it harder to
signals under the assumption that the compare inter-and intra-individual results.
circumstances did not change.

Differentiation ~ The ability of a method to show spatial Vessel occlusions can cause local differences
differences in perfusion. in perfusion and imaging or measuring the

size of the affected area could help in
considering treatment.

Velocity The fraction of the kidney that can be Low velocity limits the reliability since
measured within 1 min. affected areas could be missed in a kidney

when the perfusion is not equally divided
over the kidney.

Sensitivity The amount of pressure change to which the Unstable signals have limited sensitivity,
measured signal shows a response. which is disadvantageous to functionality

assessments.

Preparation The time and effort needed to set up the Time and effort-consuming preparation
device for 1 employee. could be disadvantageous to the

implementation in clinical practice.

Workload The effort needed to image or measure. High workload could be disadvantageous to

the implementation in clinical practice.

Interpretation  The effort needed to interpret the images or  Difficult interpretation could be

measurements.

disadvantageous to the implementation in
clinical practice.

Invasiveness

The interaction with the kidney needed to
image or measure.

Invasive interaction with the kidney could
harm the kidney and threaten
transplantation.

Spatial The size of the kidney surface an image pixel Low spatial resolutions limit reliability.

resolution or measured signal represents.

Temporal The sampling frequency in which images or Low temporal resolutions limit reliability.

resolution measurements are created.

Window The fraction of the kidney surface that could Reliability is reduced for methods that can
be imaged or measured simultaneously. not image the whole kidney simultaneously in

real-time.
Usability The amount of skills needed to acquire usable Large learning curves could be

images or measurements.

disadvantageous to the implementation in
clinical practice.

Costs (device)

The costs of the imaging or measuring device.

High costs of the device could be
disadvantageous to the implementation in
clinical practice.

Table continues on the next page



Table 4 (continuation)

Metric Description Rationale

Costs The costs of additional items per experiment  High costs of the additional items could be
(additional needed to image or measure one kidney. disadvantageous to the implementation in
items) the clinical practice.

Environment The sensitivity to ambient electromagnetic

radiation.

High sensitivity to ambient electromagnetic
radiation requires covering up the kidney
which limits the view on the kidney.

Depth The maximal depth at which can be imaged Small depths limit the reliability since
or measured in theory. affected areas could be missed in a kidney
when the perfusion is not equally divided
over the kidney.
Table 5

Distribution of the scores for the (semi-)objective metrics. The order represents the importance of the metrics.
The most important metrics are on top.

Metric - +/- +
Sterility High risk Low risk Almost no risk
. o >5% <E g
Reproducibility >20% <20% <5%
Differentiation Spatial differences not Spatial differences detected, Spatial differences
detected but not consistent consistently detected
>25%
i 0 > 0
Velocity <25% <50% >50%
Flow changes after Flow changes after a Flow changes after
Sensitivity pressure changes not 20 mmHg pressure change 5and 20 mmHg pressure
detected detected changes detected
Preparation > 30 min >15 mfn <15 min
<30 min
Additional manpower is Images or measurements
Workload P can be created by currently  No manpower required at all

required

available manpower

Interpretation

Results have to be analysed
before they can be

Results can be interpreted
directly, but this takes some

Results are clear and can be
interpreted directly

interpreted effort
. Pressure to the tissue Tissue contact required, but ) .
Invasiveness . ) No tissue contact required
required no pressure applied
Spatial . > 0.1 mm/pixel )
>1 | <0.1 |
resolution mm/pixe <1 mm/pixel 0.1 mm/pixe
>
Temporal <1Hz = 1 Hz >10 Hz
resolution <10 Hz
>20%

H 0, > 0,
Window <20% <50% >50%
Usabilit > 1 hour of training is <1 hour of training is The method can be used

y needed to use the method needed to use the method without any training.
. >€25000,-
_ < _
Costs (device) > € 75000, < €75 000, <€25000,
Costs
. >€0,-
(add/t/ona/ >€10,- <€10, €0,-
items)
Sensitivity to Sensitivity to

Environment

electromagnetic radiation
not solved by covering up

electromagnetic radiation
solved by covering up

Not sensitive to
electromagnetic radiation

Depth

<1lmm

>1mm
<10 mm

>10 mm




Results

A total of 8 kidney NMP experiments were started of
which 3 failed before the intervention phases were
started. The reasons the experiments failed were

Table 6

assigned to micro thrombosis of the perfusate, a
defective oxygenator and decreased kidney viability
because of large HMP and post-HMP cold ischemia
times. The kidneys, their characteristics, and
ischemia and perfusion times are listed in table 6.

Overview of the locations of the slaughterhouses of retrieval, order of the experiments, sides of the kidneys, warm
ischemia times (WIT), cold ischemia times pre HMP (CITpr), HMP times (HMPT), cold ischemia times post HMP
(ClITpo), NMP times (NMPT), weight pre-NMP (Wyr) and weight post-NMP (Wpo). Times are in min. Weights are in

grams. Unkn = unknown

Device Kidney Slaughterhouse Order Side WIT CITor HMPT CITpoe NMPT  Wp Wi
LSCI 1 Zevenaar 3 left 40 5 175 66 270 300 354
2 Reeuwijk 4 right 35 10 135 58 285 330 381
3 Reeuwijk 2 unkn 30 15 165 29 91 289  unkn
NIRS 1 Zevenaar 5 left 45 5 190 69 270 290 356
2 Zevenaar 6 left 40 147 1140 58 270 459 460
3 Zevenaar 1 unkn 35 40 252 89 34 unkn  unkn
SDFI 1 Zevenaar 8 right 45 140 1320 49 292 395 405
2 Reeuwijk 7 left 30 16 1534 154 120 unkn 408

Laser Speckle Contrast Imaging

In total, 3 experiments with LSCI were started of
which 2 were successfully ended. Results of the
analysis of these LSCl recordings can be seen in
figure 5. LSCl images and matching colour photos of
specific points in time are shown in figure 6. In
kidney 1, the arterial branch clamping and
reperfusion phase was started first after the steady-
state NMP phase. Kidney 2 was treated in the
reversed order. Although treated the same, the LSCI
signals responded differently to the start of NMP.
The signal magnitudes and the degrees of
differentiation between the regional LSCI signals
were different. However, a 20 — 30 min phase after
the start of NMP in which the signals reached their
maximums was observed in both experiments.
During this period, the RBF of kidney 2 remained
stable at 125 —135 mL/min. In kidney 1, the RBF data
were not saved correctly.

The LSCI signal responses to the stepwise
pressure decrease and increase interventions were
different in the studied kidneys. Changes in the LSCI
signal after a 5 mmHg decrease or increase in
pressure were not significant, while significant
changes were seen for steps of 20 mmHg. In
kidney 1, a stepwise decrease and increase in LSCI
signal were observed that responded in parallel to
the pressure changes. However, in kidney 2, the
signal dropped to a minimum when the pressure was
decreased from 40 mmHg to 20 mmHg and did not
change during the rest of this phase except for a

small peak at 32 min after the start caused by
sampling from the arterial tubing. Phenomena
observed in both kidneys were short hypoperfusion
periods directly after pressure decreases and short
hyperperfusion periods directly after pressure
increases. The morphology of these periods is
illustrated in figures 7A and 78B.

Opposite responses to arterial branch
clamping and releasing were observed in the
2 successfully perfused kidneys. In general, the
signal increased during the clamping periods and
decreased during the reperfusion periods in
kidney 1. While this effect was clearly observed in
the lateral ROIls, the effects in the medial ROIs were
more subtle. In kidney 2, the signal decreased during
the clamping periods and increased during the
reperfusion periods in the caudal ROls. The cranial
medial ROl remained more or less stable during this
phase, while the cranial lateral ROl was stable in the
first 35 min and decreased slightly in the rest of this
phase. During the 10 and 20 min reperfusion
periods, reperfusion was not observed in the part of
the kidney that was affected by clamping the arterial
branch in the preceding period. Therefore, the
infusion speed of the epoprostenol/Soluvit N
solution was set at 30 mL/h for 1 min halfway the
reperfusion period. Hereafter, a signal increase in
the caudal ROIs was observed. Periods of
hyperperfusion were observed in the ROIs in which
the signal decreased during the clamping periods. An
example is shown in figure 7C.
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decrease and increase (B and E) and arterial branch clamping and reperfusion (C and F) phases.

Near Infrared Spectroscopy

In total, 3 experiments with NIRS were started from
which 2 were successfully ended. Results of the
analysis of these NIRS recordings can be seen in
figure 8. In kidney 1, the arterial branch clamping
and reperfusion phase was started first after the
steady-state NMP phase. Kidney 2 was treated in the
reversed order. In some of the timeframes used for
signal averaging, no signal was detected. Therefore,
there were some gaps in the analysed data. The NIRS
signal of kidney 1 showed less variance in the steady-
state NMP phase compared to kidney 2. Moreover,
a 20-30 min phase after the start of NMP in which
the signals reached a stable equilibrium was
observed in kidney 1 and not in kidney 2.

In the stepwise pressure decrease and
increase phase, the NIRS signals of the caudal and
cranial lateral sensors of kidney 1 remained stable,
while the cranial medial sensor showed variance
over time that could not be properly related to the
pressure changes. Moreover, the initial magnitude

of the signal of this sensor was larger compared to
the other sensors, which could be attributed to an
increase in the signal of the preceding arterial
branch clamping and reperfusion phase. In kidney 2,
anincrease in the signals was observed in all sensors
during the period in which the pressure was
decreased and vice versa. No significant signal
changes were observed for the 5 mmHg steps.

In kidney 1, the NIRS signals remained
stable during the arterial branch clamping and
reperfusion phase. Only the signal of the cranial
medial sensor showed an increase at the start of the
15 min clamping period, whereafter the signal
remained stable with a slightly larger magnitude
compared to the sensors in the other quadrants. In
kidney 2, signals from some quadrants responded to
the clamping and reperfusion periods by an increase
and decrease respectively. However, the signals
from the caudal quadrants did show this response in
the first and second clamping and reperfusion
periods, but not in the 15 min clamping period.



Kidney 1 Kidney 1 Kidney 2 Kidney 2
LSCl image Colour photo LSCl image Colour photo

5 min
before
start NMP

15 min
after start
NMP

30 min
after start
NMP

Pressure
75 mmHg

Pressure
60 mmHg

Pressure
0 mmHg

End 15 min
clamping

End 30 min
reperfusio
n

Figure 6

LSCl images and matching colour photos of some specific points in time. The examples from the stepwise pressure
decrease and increase phase are from the decrease period. The ROls on the colour photos do not match the actual
positions of the ROIs.
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Figure 7

Morphology of the raw LSCI signals during periods of
hyperperfusion after a 5 mmHg (A) and a 20 mmHg
(B) increase in pressure, and after the release of an
arterial branch clamp (C). The signals in images A and
B represent the whole kidney, and the signals in
image C are the ROIs in which the signal decreased

during clamping. Hyperperfusion periods are
marked.
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Sidestream Dark Field Imaging

In total, 2 experiments with SDFI were started from
which 1 was successfully ended. Since the recordings
created with the SDFI device were blurred (figure 9)
and did not contain relevant data, it was decided not
to aim for a second successful experiment. Results of
the analysis of the SDFI recordings can be seen in
figures 10 and 11. Increasing numbers of crossings,
perfused numbers of crossings and PPVs over time
were calculated from the recordings for the steady-
state NMP phase. In the intervention phases, no
coherence between the interventions and the
calculated numbers of crossings, perfused numbers
of crossings and PPVs was observed.
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The NIRS signals and their 95 % confidence intervals during the steady-state NMP (A and D), stepwise pressure
decrease and increase (B and E) and arterial branch clamping and reperfusion (C and F) phases.



Figure 9

Shots of the analysed SDFI recordings at the end of the 15 min arterial branch clamping period (A) and the end of

the 30 min reperfusion periods (B).
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The PPV calculated from the SDFI recordings
acquired during the steady-state NMP (A), stepwise
pressure decrease and increase (B) and arterial
branch clamping and reperfusion (C) phases.

Table 7

Correlation analysis

Scatter plots of LSCI signals and matching VO2, FEns,
Cler, urine production, and RBF are shown in figure
12. The RBF was not correctly saved for kidney 1 and
thus the VO2 could not be calculated. Pearson’s r
values with 95 % confidence intervals and p-values
for each kidney and the combined dataset are listed
in table 7. Significant correlations were found
between the LSCl signal and the VO; in kidney 2, the
FEnain the combined dataset, the Clerin kidney 1, the
urine production in the combined dataset, and the
RBF in kidney 2.

Comprehension of the methods

Scores of the (semi-)objective metrics for the optical
methods (table 8) were based on the results of the
experiments and the characteristics of the methods.
The costs of the LSCl and SDFI devices were based on
the price paid for the purchase of the device and the
additional items by the owner. For the NIRS device,
these costs were based on a quote for the device
received from the manufacturer. Since the depth at
which was measured in the kidney tissue was not
examined during the experiments, the assessment
was based on the results of the literature study that
preceded this research.

Histology

The biopsies taken before the start and after the end
of NMP were assessed in general. In figure 13,
sections of the biopsies of NIRS kidney 1 can be seen.
No major deterioration was observed in the
histological assessment. No notable damage to the
glomeruli was observed under the microscope.

The Pearson’s r calculated between the LSCI signal and 5 conventional functionality assessments and their two-
tailed P-values. Cl = confidence interval, N = number of sets of variables, * =95 % confidence interval not calculated

because of small N

Kidney Pearson’sr 95% Cl N P-value
Oxygen consumption 2 0.79 0.20-0.96 8 0.019
Fractional Na* excretion 1 -0.01 -0.76 —0.75 7 0.980
2 0.95 * 3 0.201
Both -0.76 -0.94--0.24 10 0.011

Creatinine clearance 1 -0.82 -0.97--0.18 7 0.024
2 -0.89 * 3 0.297

Both -0.25 -0.76 - 0.45 10 0.491

Urine production 1 -0.08 -0.63-0.52 12 0.798
2 -0.05 -0.58-0.52 13 0.872

Both 0.97 0.93-0.99 25 <0.001

Renal blood flow 2 0.87 0.79-0.92 57 <0.001
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Table 8

Scores of each of the (semi-)objective metrics for the
optical methods. The order represents the
importance of the metrics. The most important
metrics are on top.

Metric LSCI NIRS  SDFI
Sterility + +/- +/-
Reproducibility +/- +/- -
Differentiation + +/- ;
Velocity + - -
Sensitivity +/- +/- -
Preparation +/- +/- +
Workload +/- + -
Interpretation + +/- -
Invasiveness + +/- +/-
Spatial resolution +/- -
Temporal resolution + +

Window + - -
Usability +/- + +/-
Costs (device) +/- + +/-
Costs (additional items) + - +/-
Environment + +/- +
Depth +/- ¥ i

Discussion

This study aimed to compare the use of LSCI, NIRS
and SDFM  for quantification of organ
microcirculation, during kidney NMP. In total, 8
porcine slaughterhouse kidney NMP experiments
were started from which 5 successfully ended. The
results showed the response of the optical methods
to steady-state NMP, a stepwise pressure decrease
and increase, and clamping and releasing of an
arterial branch. From comprehension of the
methods by (semi-)objective metrics, it can be
concluded that LSCI is the most promising method
for further development towards a clinical objective
transplantability assessment tool. This supports the
conclusion of the literature review with a more
objective assessment underlying.

The results of this study contributed to the
existing knowledge about the use of optical imaging
and measuring methods for the quantification of
organ microcirculation during periods of ischemia
and reperfusion. The knowledge about the methods
used in this study was limited to studies in rodents
(63, 64) and pigs (55). Since the size and physiology
of porcine and human organs are closer related than
rodent and human organs, the knowledge from
studies in rodents was considered less relevant. A
study by Heeman et al. that combined the use of LSCI
and SDFI on porcine slaughterhouse kidneys during



NMP is considered the most closely related to this
study (55). Experiments in other studies differed
significantly from this study and were therefore not
considered.

Heeman et al. showed that LSCI can identify
a stepwise decreased blood flow in a similar
experiment as in this study. They reduced the RBF in
4 steps of 50 mL/min from 200 mL/min to O mL/min.
Since the degree of differentiation of the optical
methods had to be unravelled in this study, it was

chosen to reduce the flow in much smaller steps.
This helped to identify the differences between the
optical methods. In kidney 1, a similar response
pattern of the LSCI signal was found as the pattern
found in the study by Heeman et al. However, kidney
2 showed a sudden decrease in LSCI signal when the
pressure was decreased to 40 mmHg which was
probably more related to the kidney physiology than
to the measurements.

Figure 13
Microscopic sections of a punch biopsy before the start of NMP (A) and a wedge biopsy after the end of NMP (B).
In each of the sections, glomeruli are indicated by an arrow.

Furthermore, the use of SDFI to assess organ
microcirculation was examined in the study by
Heeman et al. In this study, the renal capsule was
locally removed, which rejects this protocol for
clinical practice. Since they did not report on the
limitations of imaging through the renal capsule,
these were examined in this study. All recordings
created with SDFI in 2 experiments were blurred,
which could have been caused by a light disturbance
in the capsule. This confirms the statements of
Heeman et al. and it can be concluded that SDFI
cannot be used in clinical practice for imaging of the
kidney cortex.

No studies in which NIRS was used as a
method to assess microcirculation of organs were
published before. Therefore, it was unknown
whether the NIRS sensors can measure the StOz in
kidneys. It can be concluded that the sensors can
detect signals from the tissue. However, the signal
was extremely unstable and the temporal resolution
was limited to 0.009 Hz. Therefore, the advantages
of the real-time signals that are detected in cerebral
and leg measurements are limited in kidneys.
Although the signal was unstable, the reliability of
this method was not unpromising. A trend can be
observed in the response to the interventions,

although this was not as consistent as in the LSCI
experiments. This suggests that NIRS can be
considered as a method to quantify organ
microcirculation if the technological limitations
could be solved.

In general, optical methods that image or
measure  microcirculation have shown their
potential contribution to the assessment of organ
functionality in  kidneys. Some  significant
correlations between the LSClI signal and
conventional functionality assessments were found.
However, the numbers of samples and numbers of
kidneys on which this correlation was based were
small and the correlations were only significant in
one kidney or the combined dataset. Therefore,
these significant correlations could not be
considered clinically relevant. Moreover, the
relevances of the 5 functionality assessments that
were considered in this study are questionable.
Although these have been used in other studies to
assess the functionality of kidneys during NMP, no
relation with the outcome after transplantation has
been demonstrated (61, 62). Lastly, the variables of
the 2 kidneys that were assessed were clustered at
different locations in figure 12, which indicates that
the comprehension between the kidneys is limited.



This confirms the observation that the individual
kidneys showed different appearances during the
experiments. A larger dataset with larger numbers of
samples and included kidneys is needed to show
whether there is a clinically relevant correlation
between the LSCl signal and the conventional
functionality assessments.

Although the anatomy, physiology and
histology of other organs than the kidney differ, it is
assumed that the results of this study show the
potential of imaging or measuring the
microcirculation in organs with a metabolic function
and similar cell density. It is expected that the tissue
of organs such as the liver, pancreas, and spleen
react similarly to the emitted light. However, in
organs that are more divergent, such as the heart
and the bone structures, the reaction to light can be
different. Therefore, the results of this study are
probably less relevant to these organs.

Logistic limitations resulted in the need to maintain
the kidney on the HMP device overnight. Therefore,
the blood and kidney had to be preserved for
20 — 24 hours. Bias could have been caused by
different HMP treatment times of the first 5 kidneys
and the other kidneys. Kidney preservation on HMP
for 24 hours was studied by Venema et al. and was
found to be advantageous when compared to SCS
and non-oxygenated machine perfusion (65).
Moreover, their results suggested that a subsequent
NMP period of at least 4 hours can be successful. The
quality of the blood after different preservation
methods was examined in a short experiment before
the first NMP experiment was performed with
kidneys preserved for > 4 hours. The preservation on
a CPG buffer that contained less glucose compared
to the buffer used in the blood preservation
experiment was successful and after pH correction,
the NMP experiments proceeded uncomplicated.
Therefore, the bias caused by this limitation is
considered negligible.

In this study, the duration of the arterial
branch clamping and reperfusion periods was
increased in three steps. This stepwise increase in
the duration of the occlusion and reperfusion
periods has been executed before by Heeman et al.
They demonstrated that RBF and LSCl signals
recover within 10 min after a 5 min period of
occlusion and within 40 min after a 15 min period.
Therefore, it was assumed that the chosen lengths
of the reperfusion periods were enough for the
affected areas to recover. The results of the LSCI
measurements in this study reported similar
recovery times, although the affected areas in
kidney 2 did not recover within the first half of the

reperfusion period, which was treated with an
epoprostenol bolus. This treatment was applied to
prevent failure of the perfusion in a later stadium of
the experiment. However, by adding a bolus of
epoprostenol to the treatment, this kidney was
treated differently than the other kidneys. It remains
unknown whether the kidney would have recovered
by itself when no bolus was added. Although this can
be considered a limitation, the effect on the
objective assessment of the optical methods is
expected to be limited.

In this study, optical methods that provide
information about microcirculation were assessed.
However, in the literature review, methods that
assess mitochondrial metabolism, such as flow-
mediated  skin  fluorescence  (FMSF), were
considered besides these. Measuring mitochondrial
metabolism could predict post-implantation organ
functionality since efficient production of energy in
the mitochondria depends on the delivery of
nutrients and oxygen which is impaired during
ischemic periods (66). Therefore, mitochondrial
metabolism measurements could add value to the
current functionality assessment of organs during
NMP. In this study, methods that measure
mitochondrial metabolism were not available for the
experiments. Since the relevance of these methods
for the functionality assessments of organs is
considered high, it is suggested that these must be
examined soon.

The added value of the analysis of the
perfusate samples and biopsies taken in the
experiments to the results and conclusions was kept
limited in this study. Relations between the
perfusate samples and the measured signals were
exclusively performed for methods that showed
response to the interventions in at least 2 kidneys.
Analysis of the samples for methods that showed
less response was expected to be irrelevant since the
results could be biased by coincidental findings.
Moreover, no control group was included, which
limits the relevance of perfusate and biopsy analysis
even more. Therefore, nothing could be concluded
from the correlation and histology analyses. In
continuation of this study, an experiment should be
designed in which a control group is included and
higher numbers of kidneys and samples are taken.
Only then it could be justified to conclude that a
significant correlation is clinically relevant. Since the
evidential value of a certain experiment can be large,
it would be useful to compare the signals of an
optical method with the NMP assessment score that
was published by Hosgood et al. and still remains the
only validated kidney functionality assessment
during NMP (29). The LSCl results in this study show
the potential of this method and support proceeding
with such experiments.
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