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Abstract

Objectives: Normothermic machine perfusion (NMP) provides a platform for pre-
transplant kidney quality assessment that is essential for the use of marginal
donor kidneys. Laser speckle contrast imaging (LSCI) presents distinct
advantages as a real-time and noncontact imaging technique for measuring
microcirculation. In this study, we aimed to assess the value of LSCI in visualizing
renal cortical perfusion and investigate the additional value of dual-side LSCI
measurements compared to single aspect measurement during NMP.

Methods: Porcine kidneys were obtained from a slaughterhouse and then
underwent NMP. LSCI was used to measure one-sided cortical perfusion in the
first 100 min of NMP. Thereafter, the inferior renal artery branch was occluded to
induce partial ischemia and LSCI measurements on both ventral and dorsal sides
were performed.

Results: LSCI fluxes correlated linearly with the renal blood flow (R?=0.90,
p <0.001). After renal artery branch occlusion, absence of renal cortical perfusion
could be visualized and semiquantified by LSCI. The overall ischemic area
percentage of the ventral and dorsal sides was comparable (median interquartile
range [IQR], 38 [24—43]% vs. 29 [17-46]%, p = 0.43), but heterogenous patterns
between the two aspects were observed. There was a significant difference in
oxygen consumption (mean * standard deviation [SD], 2.57 £ 0.63 vs. 1.83 £ 0.49
mLO,/min/100 g, p <0.001), urine output (median [IQR], 1.3 [1.1-1.7] vs. 0.8
[0.6—1.3] mL/min, p <0.05), lactate dehydrogenase (mean = SD, 768 £ 370 vs.
905+ 401 U/L, p<0.05) and AST (mean = SD, 352+285 vs. 462+ 383 U/L,
p<0.01) before and after renal artery occlusion, while no significant difference
was found in creatinine clearance, fractional excretion of sodium, total sodium
reabsorption and histological damage.

Conclusions: LSCI fluxes correlated linearly with renal blood flow during NMP.
Renal cortical microcirculation and absent perfusion can be visualized and
semiquantified by LSCI. It provides a relative understanding of perfusion levels,
allowing for a qualitative comparison between regions in the kidney. Dual-side
LSCI measurements are of added value compared to single aspect measurement
and renal function markers.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Lasers in Surgery and Medicine published by Wiley Periodicals LLC.
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INTRODUCTION (Organ Recovery Systems) and perfused at 30 mmHg

Kidney transplantation is the optimal treatment for
patients with end stage renal disease.! However, due to
the shortage of organs, expanded criteria donor (ECD)
and donation after circulatory death (DCD) kidneys are
increasingly being used to enlarge the donor pool.*?
Unfortunately, a significant proportion of ECD and
DCD kidneys are associated with impaired function
and graft failure.>* To improve clinical outcomes
after transplantation, normothermic machine perfusion
(NMP) has emerged as a viable platform for graft quality
assessment by simulating the body's environment, which
is essential for the use of these marginal donor kidneys.’
Using imaging techniques during NMP is a potentially
relevant, but poorly explored field to assess graft quality.
Laser speckle contrast imaging (LSCI), as a real-time,
noncontact, full-field imaging technique with a large field
of view,® has gained interest as an imaging technique for
evaluating microvascular circulation of various tissues,
such as retina, cerebrum, skin and liver.”'' Despite
extensive research on LSCI, few studies have explored its
potential as kidney quality assessment tool. The only
study that has used LSCI to measure the kidney during
NMP, conducted by Heeman et al.'” showed that one-
sided measurement can assess cortical microcirculation
and detect perfusion deficits. However, it is unknown
whether there is heterogeneity of microcirculation
between the ventral and dorsal aspects. Therefore, in
this study, we aimed to investigate the value of LSCI in
the assessment of renal cortical perfusion and determine
the potential added value of measuring perfusion across
the entire kidney surface. Additionally, we explored the
added value of LSCI compared to standard clinical flow
and functional parameters during NMP.

MATERIALS AND METHODS
Animal model

Porcine kidneys (n=10) from the slaughterhouse were
used. Kidneys were obtained from female landrace pigs
weighing 100—120kg at a local slaughterhouse. These
kidneys were procured to mimic the DCD donor
procedure.'® At the same time, two liters of blood from
the same pig were collected in a bucket containing 25,000
IU of heparin (LEO Pharma A/S). After cannulating the
renal artery with a 5-mm straight cannula (Organ
Recovery Systems), kidneys were flushed with 4°C
Ringer's lactate (Baxter BV). Next, the kidneys were
placed inside the LifePort Kidney Transporter 1.0

with 4°C Belzer UW machine perfusion solution (Belzer
MPS, Bridge to Life Ltd.) until NMP. The estimated
time from kidney procurement to NMP ranged from 24
to 36 h. As we used the standard organ preservation
method in the Netherlands, no significant impact was
anticipated on our research outcomes. Warm ischemia
time (WIT) was calculated from the end of blood
collection until the beginning of cold solution flushing.
As the kidneys were from pigs slaughtered for meat
consumption, no approval from the animal ethics
committee was required.

Study design

The study consists of two distinct parts: reperfusion
measurement and dual-side measurements. Before NMP,
LSCI was used to obtain baseline fluxes of the kidneys
without perfusion. The kidneys were then subjected to
NMP, and LSCI measurement was performed on ventral
side only at 10-min intervals for 100 min. The kidneys
were continuously perfused until the renal blood flow
stabilized, followed by dual-side measurements. To
achieve this, the ventral side measurement was performed
while the kidney was placed in the reservoir with the
ventral side facing upwards. Subsequently, the dorsal
side measurement was performed after manually turning
over the kidney. After measuring both sides, the inferior
branch of the renal artery was occluded by vascular
clamps or ligation to induce renal infarction. The dual-
side measurements were then repeated one time, when
the hemodynamics regained stability.

NMP

After the cold preservation period, kidneys were flushed
with 200 mL cold Ringer's lactate (Baxter) before ex vivo
NMP. The NMP system consists of a custom-made
organ chamber, a centrifugal pump head (BPX-80 Bio-
Pump™ Plus; Medtronic) equipped with pump drive
(BVP-BP; Harvard Apparatus), an oxygenator with heat
exchanger (Hilite 1000; Medos) and a thermocirculator
(E100). The flow probe (73-4755; Harvard Apparatus)
was positioned in-line and the pressure transducer
(APT300, Harvard Apparatus) was directly connected
to the renal artery cannula (Organ Recovery Systems).
The set-up was controlled by a commercially available
electronic controller (PLUGSYS Servo Controller for
Perfusion, Harvard Apparatus) which enables both flow
and pressure-directed perfusion. The kidneys were
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perfused with autologous leukocyte depleted (leukocyte
filter BioR 02 plus BS PF, Fresenius Kabi, Zeist, the
Netherlands) blood-based solution (Supporting Informa-
tion: Table S1)"* at 37°C with a controlled pressure of
70 mmHg. During NMP, carbogen (95% O, and 5%
CO,) was supplied via the oxygenator at a flow rate of
500 mL/min. Each kidney was weighed both before and
after NMP.

LSCI measurement

A commercially available LSCI system with a laser
wavelength of 785nm (MoorO,Flo; Moor Instru-
ments Ltd.) was placed above the kidney (Figure 1).
The exposure time was 20 ms and spatial resolution
was 3.9 microns per pixel. The working distance
between the camera and the kidney was 20cm to
ensure the kidney was in the field of view. To perform
LSCI, an opaque cover was placed over the setup to
block all ambient light. To test the definition of LSCI,
the images of four kidneys were processed in low
resolution mode (116 X 150 pixels), and the remaining

six kidneys were in high resolution mode (576 X 748
pixels). The processing algorithm was the same in
each case and the only difference is the pixel
resolution of the resulting images. Image frames were
recorded at the rate of 20 Hz. Each measurement
lasted for 10s and 201 frames were recorded in total.
The whole kidney was chosen as the region of interest
(ROI) for further analyses. The measure mode is
spatial with a kernel size of 5X 5 pixels to calculate
the speckle contrast K using the equation:

K= M

where o is the standard deviation (SD) of the intensity 7,

and (/) is the mean intensity. In this mode, the basic

formula for LSCI measurement of renal perfusion
(Flux) is

)2

Flux o« (Q) , 2)

o

and measured in perfusion unit (PU).

Oxygenator

AAA
Lo

37°Ci v 1 s
Heater

Pressure
sensor

FIGURE 1 Schematic overview of the combined normothermic machine perfusion (NMP) and laser speckle contrast imaging (LSCI) setup.
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Renal function and injury assessment

Renal blood flow was recorded every 10min. The
percentage of blood flow decline was calculated using the

Vietore — Ve ,
before_after V;,/ 2 % 100%, where Vpfore is the blood flow
efore

before clamping the renal artery, and V., is the blood flow
after clamping the renal artery. The ratio of ischemic area

formula

. Nt = Nachem
was calculated using the formula “”Ni;‘””"’" x 100%, where

N, represents the number of pixels of the whole ROI, and
Nischemia T€presents the number of pixels within the ischemic
area. Perfusate samples from renal artery and vein, as well
as urine samples, were taken before and after renal artery
occlusion. Blood gas analyses enabled the calculation of
oxygen consumption (VO,). Perfusate and urine concentra-
tions of lactate dehydrogenase (LDH), aspartate amino-
transferase (AST), creatinine and sodium were determined
in the hospital biochemistry laboratory using routine
clinical assays. The concentrations of creatinine and sodium
enabled the calculation of creatinine clearance (CrCl),
fractional excretion of sodium (FENa) and total sodium
reabsorption (TNa), of which the equations'>'* are
presented in Supporting Information: Table S2.

Cortical tissues from both nonischemic and ischemic
areas were collected after NMP and fixed in 4% buffered
paraformaldehyde for 48 h. The tissue samples were then
embedded in paraffin and cut into 4 um sections. Using
periodic acid-Schiff (PAS) staining, renal tubular necro-
sis was evaluated and scored on a semiquantitative scale
of 0—-3 (0-no changes, 1-mild, 2-moderate, 3-severe
changes) by an experienced renal pathologist (MCvQG)
blinded to the study. The tubular injury score was based
on the degree of brush border loss, tubular dilatation,
epithelial vacuolation, thinning and sloughing, and
luminal debris/casts.

Statistical analysis

Continuous variables were tested for normality using
Shapiro-Wilk test and reported as meantSD if

(A)[Low resolution

normally distributed or median with interquartile range
(IQR) in the case of non-normal distribution. To
compare the LSCI flux, renal function and tubular injury
before and after arterial clamping, continuous variables
were compared using the paired z-test or Wilcoxon
signed-rank test depending on the normality. The raw
LSCI data were processed using MATLAB (Math-
Works, Inc.). Statistical analyses were performed using
SPSS version 26 (SPSS Inc.). The graphs were plotted
using GraphPad Prism 9.3.1 (GraphPad Software Inc.).
A p<0.05 was considered statistically significant.

RESULTS

All kidneys were included in the analyses. The WIT of
the kidneys was 38.4 + 8.5 min. The weight of the kidneys
was 283 + 45 g before NMP and 318 + 53 g after NMP.

Reperfusion measurement

The representative LSCI patterns from low resolution
and high resolution modes were shown in Figure 2, and
the flux measurements for each kidney at representative
time points were displayed in Supporting Information:
Table S3. During the first 100 min of NMP, an increase
of renal cortical perfusion could be clearly visualized
through LSCI (Figure 3A). The mean value of each
measurement was used to explore the relevance between
the renal blood flow and LSCI flux. With the increase of
blood flow, LSCI fluxes also increased correspondingly,
from the baseline of 63+44 PU to 797271 PU
(Figure 3B). The LSCI flux correlated linearly with the
renal blood flow (R*=10.90, p <0.001, Figure 3C).

Dual-side LSCI measurement

All kidneys were adequately perfused without macro-
scopic ischemic lesions based on a visual inspection of

High resolution

FIGURE 2 Representative LSCI patterns of the kidneys from (A) low resolution mode and (B) high resolution mode during NMP. LSCI, laser

speckle contrast imaging; NMP, normothermic machine perfusion.
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FIGURE 3 (A) Macroscopic appearances (above) and the corresponding LSCI patterns (below) of one kidney during the first 100 min of NMP.
(B) Renal blood flow and the LSCI flux during the first 100 min of NMP. (C) Linear regression analysis on LSCI flux versus renal blood flow during
the first 100 min of NMP (R?=0.90, p < 0.001). LSCI, laser speckle contrast imaging; NMP, normothermic machine perfusion; ROI, region of

interest.

homogeneously pink outer surface. The LSCI fluxes were
885%234 PU on the ventral side and 931 £295 PU on
the dorsal side. As shown in Figure 4, a decline of blood
flow was observed in all kidneys by 14%—48% after
clamping the renal artery branch. Part of the previously
well-perfused region was replaced by ischemic lesions
and the infarct border was clearly identified by LSCI. In
eight out of ten kidneys, ischemic lesions could be seen
on both sides after the artery branch occlusion
(Figure 5A), with a percentage of the surface ranging
from 23% to 49% on the ventral side and 16% to 58% on
the dorsal side. However, in the remaining two kidneys,
an ischemic lesion could be observed on only one side,
with 46% of the ventral side and 58% of the dorsal side
affected (Figure 5B), respectively. Compared to the LSCI
measurement before clamping, the fluxes on both sides
were significantly decreased after artery branch occlusion
(ventral side: median [IQR], 912 [657—1082] vs. 484
[420—740] PU, Wilcoxon matched-pairs signed rank,
p<0.01; dorsal side: median [IQR], 943 [741—1212] vs.

160

- - -
o N H
o o o
1 1 1

[=2]
o
1

Blood flow (mL min™' 100g™)
H <]
i <

N
o
1

FIGURE 4 Renal blood flow changes before and after the renal
artery branch occlusion.
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FIGURE 5 Representative macroscopic appearances and LSCI patterns of renal cortical perfusion in two different situations after the renal
artery branch occlusion during NMP: (A) Ischemic lesions could be seen on both ventral and dorsal sides after artery branch occlusion, with
ischemia in 39% and 24% of the whole area, respectively; (B) Ischemic lesions could be observed on only one side after artery branch occlusion,
inducing ischemia in 58% of the dorsal area. (C) LSCI flux of the kidneys on the ventral and dorsal sides before and after the renal artery branch
occlusion during NMP. (D) Ischemic area percentage of all kidneys on the ventral and dorsal sides. Wilcoxon matched-pairs signed rank. *p <0.05,
**p <0.01, ***p <0.001. LSCI, laser speckle contrast imaging; NMP, normothermic machine perfusion; ROI, region of interest.

600 [408—1057] PU, Wilcoxon matched-pairs signed
rank, p<0.01, Figure 5C). The ischemic area ratio
between the ventral and dorsal sides was comparable
(median [IQR], 38 [24-43]% vs. 29 [17-46]%, Wilcoxon

matched-pairs signed rank, p=0.43, Figure 5D). The
comparison of histograms before and after artery
occlusion provided insight into the changes in renal
cortical perfusion (Supporting Information: Figure S1).
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Renal function

As a surrogate marker for the glomerular filtration rate,
CrCl tended to decrease after renal artery occlusion
(median [IQR], 0.94 [0.68—1.11] vs. 0.61 [0.35—0.94] mL/
min/100 g, Wilcoxon matched-pairs signed rank,
p=0.06), but the difference was not statistically signifi-
cant (Figure 6A). To evaluate tubular transport function,
FENa was calculated. Kidneys showed comparable
FENa before and after occlusion during NMP (median
[IQR], 60.2 [27.0—83.4]% vs. 51.9 [22.8—77.9]%, Wilcox-
on matched-pairs signed rank, p=0.32, Figure 6B).
Although VO, significantly decreased after clamping the
artery (2.57%20.63 vs. 1.83%20.49 mLO,/min/100 g,
paired t-test, p <0.001, Figure 6C), the capability of
reabsorbing the sodium was similar before and after
occlusion (median [IQR], 47.75 [10.86—126.47] vs. 37.21
[11.76—106.06] mmol/min/100 g, Wilcoxon matched-pairs
signed rank, p=0.63, Figure 6D). Before occlusion,
kidneys showed a significantly higher urine output than
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after occlusion (median [IQR], 1.3 [1.1-1.7] vs. 0.80
[0.6—1.3] mL/min, Wilcoxon matched-pairs signed rank,
p <0.05, Figure 6E).

Renal injury measurement

To evaluate renal injury, LDH and AST concentrations
in perfusate were measured. LDH concentrations became
significantly higher after occlusion (768370 wvs.
9051401 U/L, paired #-test, p <0.05, Figure 6F). Simi-
larly, AST concentrations were also higher after occlu-
sion (352 + 285 vs. 462 + 383 U/L, paired ¢-test, p <0.01,
Figure 6G). Moreover, PAS-stained renal sections were
scored on a scale from | to 3 based on acute tubular
necrosis (ATN). In both nonischemic and ischemic
tissue, biopsies showed moderate ATN with proximal
tubule dilation and absence of brush border (Figure 7A),
with no difference between the groups (2.45£0.50 vs.
2.50 £ 0.47, paired t-test, p =0.34, Figure 7B).
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FIGURE 6 Renal function and injury makers before and after inferior renal artery branch occlusion during NMP. (A) creatinine clearance
(CrCl, mL/min/100 g); (B) fractional excretion of sodium (FENa, %); (C) oxygen consumption (VO,, mLO,/min/100 g); (D) total sodium
reabsorption (TNa, mmol/min/100 g); (E) urine output (mL/min); (F) lactate dehydrogenase (LDH, U/L) and (G) aspartate aminotransferase (AST,
U/L). Data presented as mean + SD. (A), (B), (D), (E), Wilcoxon matched-pairs signed rank, and (C), (F), (G), paired t-test. *p <0.05, **p <0.01,
**%p <0.001. LSCI, laser speckle contrast imaging; NMP, normothermic machine perfusion; SD, standard deviation.
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FIGURE 7 (A) Histomorphology of both nonischemic and ischemic areas showed moderate severity of acute tubular injury, tubular dilation
and proximal tubule brush border loss. (B) Tissues were assessed based on acute tubular necrosis using paired #-test (ranging from mild to severe:
1-3). Black arrows indicate dilated proximal tubules with brush border loss. PAS, periodic acid-Schiff.

DISCUSSION

In this study, we conducted LSCI measurements in
human-sized porcine kidneys during NMP. The
reperfusion experiment demonstrated a strong linear
correlation between LSCI fluxes and renal blood flow.
Furthermore, by conducting dual-side measurements, we
were able to visualize and semiquantify the renal cortical
microcirculation and perfusion decline using LSCI.
Dual-side LSCI measurements provided more compre-
hensive information than single-sided measurement.
LSCI relies on the blurring effect of the speckle
phenomenon, which occurs when a scattering object is
illuminated by coherent laser light. The interference
pattern formed by the backscattered light creates a
speckle pattern.®!>'° In LSCI, this blurring effect is used
to visualize blood flow by tracking the motion of red
blood cells. However, LSCI only provides relative
measurements of blood flow rather than absolute
values.'®!” A larger value of perfusion units corresponds
to more perfusion, which means more movement of red
blood cells. Despite similar macroscopic appearances,
LSCI revealed heterogeneities in microcirculation across
individual kidneys and over time. Our study found that
the LSCI flux correlated linearly with the renal blood
flow when the distance between the kidney and camera
was fixed, which is consistent with findings by Heeman
et al.'"> With approximately 85% nephrons as cortical
nephrons,'® most of the ultrafiltration and electrolyte
reabsorption occur in the renal cortex. Therefore renal
cortical perfusion likely provides more information on
kidney viability and function than general blood flow.
During the dual-side measurements, we occluded the
inferior renal artery branch to induce renal infarction,
simulating arterial stenosis and thrombosis. Compared
to the macroscopic appearance, LSCI enabled a more
sensitive identification and semiquantification of the
ischemic lesion. Although no statistical difference was
found in the ischemic areas between the ventral and
dorsal sides, none of the kidneys displayed the same
patterns of infarction on both aspects, and two kidneys

showed renal infarction on one aspect only. This
indicates the heterogeneities in vascular anatomy and
intrarenal blood distribution between the ventral and
dorsal sides. Considering the more complex variation in
renal artery anatomy,'” this heterogeneity of segmental
blood supply in human kidneys could be even greater. As
a rapid and noninvasive imaging technique, dual-side
LSCI measurements provide more information on
cortical perfusion and deficiency than single aspect
measurement without extending the time of organ
exposure.

Currently, Doppler ultrasound is used as the stan-
dard of care to examine renal blood flow. It requires
physical contact between the probe and the object being
measured, which increases risk of contamination. In the
preclinical phase, Schutter et al.”’ used magnetic reso-
nance imaging (MRI) to visualize the perfusate distribu-
tion in renal cortex and medulla during NMP. However,
the use of MRI during NMP requires a large volume of
blood-based perfusate and complicated procedures,
which limits its practicality. Compared to ultrasound
and MRI, LSCI provides a simple, valuable alternative
for real-time cortical perfusion assessment. Additionally,
it is promising to apply LSCI to intraoperative diagnosis
of anastomotic stenosis which typically occurs shortly
after kidney reperfusion during transplantation and may
lead to graft impairment and failure.*'**

As the LSCI patterns in both low resolution and high
resolution modes can effectively detect microcirculation
changes, the choice of resolution mode depends on
specific research objectives and the desired level of
details. Low resolution mode offers faster image proces-
sing, which can be advantageous when analyzing a large
number of images. However, the main drawback of low
resolution mode is the reduction in image details, leading
to the loss of nuances in the speckle patterns. High
resolution mode captures more crucial details, allowing
for more precise analysis of microcirculation. The higher
pixel density in high resolution images leads to sharper
and more visually informative images, helping research-
ers and clinicians identify subtle microcirculatory
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changes. However, processing high resolution images
requires more computational resources and time.

Besides LSCI measurements, renal function and
injury were also measured. Urine output dropped
significantly after clamping the renal artery branch, as
did the oxygen consumption. However, no significant
difference was found in CrCl, FENa and TNa. Renal
injury markers, LDH and AST were significantly
elevated after renal artery occlusion in the perfusate.
However, histology showed no significant differences
between the ischemic and nonischemic areas. The reason
for this may be that the ischemia time was not long
enough to induce renal injury that can be identified
histologically. It is currently unclear whether occluding a
branch of the renal artery would trigger a compensatory
increase in blood flow in the remaining sections of the
kidney. However, relying solely on renal function and
injury markers may lead to the oversight of regional
perfusion deficiencies.

Our study has several limitations to be addressed.
Firstly, the use of slaughterhouse kidneys might result in
higher interindividual variability in kidney viability and
extent of renal injury, which could have interfered with
our outcome measurements. Secondly, although LSCI is
a powerful technique for recording blood perfusion, the
physics of the scattering process is complex and unable to
measure absolute flow, making it difficult to statistically
compare perfusion between individuals. Thirdly, the
measurement depth of LSCI is limited to 0.9 mm,*
which restricts its ability to measure deeper areas of the
kidney. Lastly, further studies using a transplant model
should be conducted to validate our findings.

CONCLUSION

LSCI is a promising real-time imaging technique for
assessing renal cortical perfusion during NMP. Our
results indicate that LSCI fluxes have a strong linear
correlation with renal blood flow, and LSCI can be used
to visualize and semiquantify renal cortical micro-
circulation and perfusion deficiency. Moreover, dual-
side LSCI measurements provides complementary infor-
mation compared to single aspect measurements. which
is not reflected by standard renal function and morphol-
ogy assessment. Therefore, we recommend dual-side
LSCI measurements as an additional kidney perfusion
assessment tool during NMP, which is crucial for
evaluating organ viability and improving clinical out-
comes after transplantation.
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