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A B S T R A C T   

Due to the shortage of kidneys donated for transplantation, surgeons are forced to use the organs with an 
elevated risk of poor function or even failure. Although the existing methods for pre-transplant quality evaluation 
have been validated over decades in population cohort studies across the world, new methods are needed as long 
as delayed graft function or failure in a kidney transplant occurs. In this study, we explored the potential of 
utilizing photoacoustic (PA) imaging during normothermic machine perfusion (NMP) as a means of evaluating 
kidney quality. We closely monitored twenty-two porcine kidneys using 3D PA imaging during a two-hour NMP 
session. Based on biochemical analyses of perfusate and produced urine, the kidneys were categorized into ‘non- 
functional’ and ‘functional’ groups. Our primary focus was to quantify oxygenation (sO2) within the kidney 
cortical layer of depths 2 mm, 4 mm, and 6 mm using two-wavelength PA imaging. Next, receiver operating 
characteristic (ROC) analysis was performed to determine an optimal cortical layer depth and time point for the 
quantification of sO2 to discriminate between functional and non-functional organs. Finally, for each depth, we 
assessed the correlation between sO2 and creatinine clearance (CrCl), oxygen consumption (VO2), and renal 
blood flow (RBF). 

We found that hypoxia of the renal cortex is associated with poor renal function. In addition, the determi
nation of sO2 within the 2 mm depth of the renal cortex after 30 min of NMP effectively distinguishes between 
functional and non-functional kidneys. The non-functional kidneys can be detected with the sensitivity and 
specificity of 80% and 85% respectively, using the cut-off point of sO2 < 39%. Oxygenation significantly cor
relates with RBF and VO2 in all kidneys. In functional kidneys, sO2 correlated with CrCl, which is not the case for 
non-functional kidneys. 

We conclude that the presented technique has a high potential for supporting organ selection for kidney 
transplantation.   
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1. Introduction 

Kidney transplantation is considered an optimal treatment for end- 
stage renal disease (ESRD) [1]. Due to the lack of available kidney do
nations, patients have to wait up to 10 years for a suitable organ 
depending on geographical location. Consequently, many patients die 
on the waiting list [2–8]. 

Donations from living donors or otherwise healthy donations after 
brain death (DBD) are preferable for transplantation. Nevertheless, to 
increase the donor pool, the use of kidneys from expanded criteria do
nors (ECD), i.e., older individuals including those with circulatory 
conditions, and donation after circulatory death (DCD) donors have 
become more prevalent [9,10]. The use of ECD and DCD kidneys is 
associated with an elevated risk of impaired graft function and even 
failure in a kidney transplant [9,11]. Besides, the quality of a donated 
kidney is affected by multiple parameters which include donor charac
teristics, organ procurement, preservation, transplantation, and 
post-transplant management [12,13]. Therefore, successfully expanding 
the donor pool with ECD and DCD donors requires a rigorous and 
objective assessment of kidney function to mitigate severe risks. 

Currently, pre-transplant kidney quality assessment predominantly 
relies on donor characteristics, kidney macroscopic appearance, and 
renal biopsies. However, these approaches have several limitations. 
Evaluations based on donor characteristics and macroscopic appearance 
are subjective and vary among different transplant centers and even 
individual clinicians. The Kidney Donor Profile Index (KDPI) is an 
internationally accepted metric that relies on the donor’s characteristics 
[13,14]. However, the number of medical centers that have integrated 
KDPI into their practice is limited. Renal biopsy can provide valuable 
insights into the histological features of kidney transplants but carries 
associated risks due to its invasive nature. Besides, histological exami
nation is subject to sampling variability as it provides highly localized 
information. Biopsies overestimate organ damage and thus do not reli
ably predict the performance of the transplant [14–16]. Finally, the 
histological assessment is not a real-time measure and the kidney has to 
be preserved until the outcome is known, which is undesirable [17]. 

Alternatively, medical imaging can provide valuable functional and 
morphological information about the kidney [18]. Ultrasound (US) is a 
first-choice modality because of its usability, safety, and relatively low 
price, but is limited by aberration in obese patients. Doppler US methods 
can be used to characterize flow and perfusion in the transplanted organ 
[19]. X-ray computed tomography (CT) can provide high-resolution 
imaging and also enables CT angiography at low cost, but comes with 
the downside of ionizing radiation exposure [20]. Magnetic resonance 
imaging (MRI) is not preferred because of limited access and relatively 
high cost [21]. More experimental approaches include fluorescence 
angiography with indocyanine green (ICG) dye to measure the perfusion 
of a kidney cortex [22] up to 1 cm depth [23]. Photoacoustic (PA) im
aging has been applied to detect fibrosis in ex-vivo mouse and pig kid
neys [24]. Our work further explores an application of PA for 
pre-transplant functional kidney quality evaluation and aims to inves
tigate the clinical value of a combination of PA and normothermic ma
chine perfusion (NMP). 

Photoacoustic imaging is a non-invasive and non-ionizing modality, 
which can provide real-time imaging data with molecular specificity 
relying on spectroscopic contrast. Photoacoustics capitalizes on the 
acoustic wave that is emitted by chromophores (i.e., light-absorbing 
molecules) after being exposed to a short light pulse. Unlike optical 
imaging modalities, PA can image up to a depth of a few centimeters, 
making it suitable for imaging renal cortex. The unique absorption 
spectrum of each chromophore enables its quantification within the 
sample [25,26]. 

We hypothesize that, since PA imaging can provide real-time and 
objective information about the molecular composition of the kidney, it 
can potentially improve the quality assessment in terms of speed and 
accuracy of pre-transplant kidney quality evaluation. 

Normothermic machine perfusion is an experimental technique that 
aims to retain or improve and assess kidney function where the organ is 
supplied with perfusate enriched with nutrients and oxygen carriers at 
body temperature to mimic the physiological environment of a human 
body [17,27]. Also, NMP can be utilized as a platform for testing kidney 
viability, such as assessed by oxygen consumption, which we exploit in 
our study [28]. The macroscopic appearance, renal blood flow (RBF), 
and urine output are the most intuitive indicators to assess kidney 
quality, but they vary greatly based on the different perfusate compo
nents and kidney size [29,30]. More specifically, biomarkers such as 
glomerular filtration rate and oxygen consumption can be measured by 
perfusate and urine samples. These biomarkers reflect renal function 
and viability. However, the analysis requires time-consuming laboratory 
procedures, and waste products of metabolism such as creatinine need to 
be added to the perfusate to analyze the filtration rate. 

Several studies have explored the applications of medical imaging of 
kidneys during NMP for pre-transplant kidney assessment. Markgraf et. 
al. applied hyperspectral optical imaging on the cortical area of a kidney 
during NMP, which allows the quantification of oxygen saturation or 
water content on the organ’s surface [31] [32]. Alternatively, Schuller 
et al. used MRI to assess the renal flow distribution of a kidney during 
NMP [33]. Finally, Fang et. al demonstrated that laser speckle contrast 
imaging (LSCI) can visualize cortical perfusion which correlates with 
oxygen consumption and urine production [34]. 

The goal of our work is to investigate the value of PA imaging during 
NMP as a tool for kidney quality evaluation before transplantation 
which is also the novelty of the presented study. We investigate whether 
sO2 measured with PA is associated with organ quality. We also inves
tigate how oxygenation correlates with organ quality assessed by 
biochemical metrics, such as creatinine clearance (CrCl), oxygen con
sumption (VO2), and by functional metrics such as renal blood flow 
(RBF). 

2. Materials and methods 

2.1. Experimental setup design 

The schematic of the experimental setup is depicted in Fig. 1. The 
setup is comprised of a custom-made NMP setup and a Vevo3100 LAZR- 
X system (Fujifilm VisualSonics, Toronto, Canada) equipped with an 
MX201 ultrasound (US) linear transducer array (VisualSonics, Toronto, 
Canada) operating at 15 MHz central frequency. The transducer is 
attached to a linear translational stage enabling 3D image acquisition. 

The NMP system consists of a centrifugal pump head (BPX-80 Bio- 
Pump™ Plus, Medtronic, Minneapolis, MN, USA) equipped with a pump 
drive (BVP-BP, Harvard Apparatus, Germany), an oxygenator with a 
heat exchanger (Hilite 1000, Medos, Germany), and a thermocirculator 
(E100, Lauda, Germany). A flow probe (73–4755, Harvard Apparatus, 
Germany) is connected in-line with the kidney, and a pressure sensor 
(APT300, Harvard Apparatus, Germany) is directly connected to the 
renal artery cannula (Organ Recovery Systems, Itasca, USA). The setup is 
controlled by a commercially available electronic controller (PLUGSYS 
Servo Controller for Perfusion, Harvard Apparatus, Germany) which 
enables both flow and pressure-directed perfusions. The choice of the 
design was motivated by the reusability of the materials as opposed to 
commercially available systems. 

2.2. Kidney preparation and sample collection 

Twenty-two porcine kidneys from female landrace pigs were ob
tained from a local slaughterhouse. The kidneys were explanted by a 
designated butcher following a standardized slaughter procedure. Once 
the kidneys were explanted, back-table preparation was performed by 2 
of the authors (YF and GA). Since the organs were obtained from pigs 
intended for meat consumption, no approval from the animal ethics 
committee was required. 
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Directly after the animal slaughter, two liters of blood were collected 
in a bucket containing 25000 IU of heparine (LEO Pharma A/S, Ballerup, 
Denmark), and filtered by leukocyte filter (BioR 02 plus, Fresenius Kabi, 
Zeist, the Netherlands). After cannulating the renal arteries with a 5 mm 
straight cannula (Organ Recovery Systems, Itasca, USA), the kidneys 
were flushed with 500 mL Ringer’s lactate (Baxter BV, Utrecht, the 
Netherlands) at a temperature of 4 ◦C. Warm ischemia time (WIT) was 
calculated from the blood collection until cold flushing. Next, the kid
neys were loaded into LifePort (Organ Recovery Systems, Itasca, USA) 
devices for transportation and cold preservation until NMP. In the 
LifePort, the kidney was perfused with 4 ◦C Belzer UW machine perfu
sion solution (Belzer MPS, Bridge to Life Ltd., London, UK), at 30 mmHg 
of pressure. 

In this study, cardiac arrest occurred in pigs and kidneys experienced 
a period of warm ischemia due to the slaughter procedure. This scenario 
mimics the DCD condition as DCD donors also experience cardiac arrest 
before organ donation in clinical practice [35]. Fourteen kidneys un
derwent 30 min WIT, and the remaining 8 kidneys underwent prolonged 
WIT of 75 min. A kidney from a healthy, young pig subjected to 75 min 
WIT was proven to be a model for DCD kidney with substantial renal 
injury which is actively used in research including the Netherlands [36, 
37]. 

After removing the kidneys from the LifePort, they were flushed with 
100 mL Ringer’s lactate at 4 ◦C to remove the remaining UW solution. 
They were subsequently perfused with autologous blood-based solution 
(Table S1) at 37 ◦C with a controlled pressure of 70 mmHg. Carbogen 
(95% O2 and 5% CO2) was supplied via the oxygenator at flow rate of 
500 mL/min. 

During NMP, each kidney was positioned inside a custom-made 
chamber. To facilitate acoustic coupling and prevent direct contact be
tween the kidney and the transducer, transparent polyethylene film was 
used to cover the kidney (Fig. 1-g). The transducer was positioned above 
the kidney and the space between the transducer and the film was filled 
with water for acoustic coupling. There was no water leakage through 
the film into the chamber during the measurements. 

Before and after NMP, renal cortical biopsies were collected for 
histological examination. The collected blood was used as perfusate. 
Renal blood flow was recorded every 10 min. The perfusate samples 
from renal artery and vein as well as urine samples were collected at 

30 min, 60 min, and 120 min of NMP for further laboratory analysis. 
Urine production was recorded at the same time points. The PA data was 
acquired approximately every 20 min 

2.3. Renal function assessment 

Arterial and venous blood gas analyses from the perfusate samples 
were performed to calculate VO2: 

VO2 =

(
CaO2 − CvO2

m

)

× Q (1)  

where CaO2 and CvO2 are arterial and venous oxygenation contents 
(mLO2/L), m is kidney mass (gram), and Q is RBF (dL/min).[35]. 

The perfusate and urine concentrations of creatinine were measured 
using routine clinical assays to calculate CrCl: 

CrCl =
(

CCr in Urine×Qurine

CCr in Perf usate

/

m
)

× 100 (2)  

where CCr in Urine is creatinine concentration in urine (mmol/L), QUrine is 
urine output rate (mL/min), CCr in Perfusate is creatinine concentration in 
perfusate (mmol/L) [35]. 

2.4. Pathological assessment 

Renal biopsies were fixed in 4% buffered paraformaldehyde for 48 h 
and then transferred to 70% ethanol until embedded in paraffin. The 
embedded tissues were cut into 4 µm slices and stained with periodic 
acid-Schiff (PAS). Acute tubular necrosis (ATN) was evaluated and 
scored on a semi-quantitative scale of 0 to 3 (0 - no changes, 1 - mild, 2 - 
moderate, 3 - severe changes) by a renal pathologist (MCvG) blinded to 
the study. The score was based on the degree of brush border loss, 
tubular dilatation, epithelial vacuolation, thinning, sloughing, and 
luminal debris/casts [38,39]. 

2.5. Kidney classification 

We used the values of VO2 and CrCl to divide the kidneys into Group 
1 and Group 2. Group 1 was referred to as "non-functional" kidneys, 

Fig. 1. The experimental PA NMP setup. (a) US transducer equipped with (b) laser fiber bundles. (c) Centrifugal pump head. (d) Oxygenator with a heat exchanger. 
(e) Flow sensor. (f) Pressure sensor. (g) Interface film filled with water. 
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whilst Group 2 comprised "functional" kidneys. The criteria for defining 
these groups were based on the studies that utilized a comparable NMP 
setup and perfusate. Specifically, non-functional kidneys were defined 
as exhibiting CrCl ≤ 1 mL/min/100 g and VO2 ≤ 2.6 mL/min/100 g at 
120 min of NMP, whilst functional kidneys were defined by CrCl 
> 1 mL/min/100 g and VO2 > 2.6 mL/min/100 g [40,41]. 

In practice, a kidney transplant showing inferior function is associ
ated with low urine production, low RBF, and high intrarenal resistance 
(IRR = arterial pressure/RBF) [42,43]. Therefore, the separation was 
validated by comparing total urine production, RBF, and IRR between 
the groups at the end of NMP. The significance of the difference between 
the groups was calculated with the Wilcoxon test. 

2.6. Image data acquisition and data analysis 

During each measurement, we acquired 3D PA and US B-mode image 
data by mechanically translating the US transducer above each kidney 
over a 45.5 mm distance with a step size of 0.5 mm, resulting in 91 
acquired imaging frames (20 mm width and 30 mm depth). Each 2D PA 
image dataset was acquired at two wavelengths, 750 nm and 850 nm 
with persistence set as low, at each translational step. This pair of 
wavelengths is used in ‘Oxy Hemo’ mode embedded in the Vevo 3100 
LAZR-X system, but also in the LED-based PA Cyberdyne Acoustic X 
system (Cyberdine Inc., Tsukuba, Japan). Therefore, the use of those 
wavelengths can simplify the clinical translation of the proposed tech
nique. Interleaved acquisition was employed to collect the PA and B- 
mode 2D image data. Although we ensured the kidney was stable during 
the measurement, small accident motions were observed in B-mode 
images during the acquisition procedure. Those motions were neglected 
due to its low amplitude and persistence set. 

The beamformed PA data at both wavelengths was exported from the 
Vevo3100 LAZR-X system for further processing. The data was utilized 
to calculate the relative concentrations of oxygenated and non- 
oxygenated hemoglobin CHbO2 and CHbO2: 
(

CHb
CHbO2

)

=

(
μHb(750nm) μHbO2(750nm)

μHb(850nm) μHbO2(850nm)

)− 1( p(750nm)

p(850nm)

)

, (3)  

where p is an acquired PA pressure, μHbO2 and μHb are absorption spectra 
of oxygenated and non-oxygenated hemoglobin taken from [10]. 

The acquired PA data was utilized to calculate the oxygenation sO2 
(%): 

sO2 =
CHbO2

CHb + CHbO2
× 100%. (4) 

Fluence compensation was not applied to the PA data because it 
requires prior knowledge of the optical properties of the light propa
gation media. Even if those properties can be estimated for the optically 
heterogeneous renal cortex [44,45], the cellular changes induced in the 
kidneys by warm ischemia can alter those parameters and result in 
inaccurate compensation. The time gain compensation (TGC) was 
manually adjusted to enhance the PA signal within the PA image and 
saved in a preset. We applied this preset to measure all kidneys. 

2.7. Statistical analysis 

For the analysis, we calculated sO2 for each slice within the renal 
cortical layer of depths 2, 4, and 6 mm, respectively. The cortex surface 
was segmented from the B-mode US data. To determine the optimal 
settings for measurement of sO2, we compared the sO2 values at 30 min, 
60 min, and 110 min of NMP. The exact sO2 values for the time points 
were obtained by linear interpolation of the initially acquired data. The 
significance of the difference in sO2 between Group 1 and Group 2 was 
calculated using the Wilcoxon test. We also applied the Kruskal-Wallis 
test to statistically compare the sO2 values at different depths at each 
time point. Finally, we performed receiver operating characteristic 

(ROC) analysis to determine an optimal depth and time point for 
measurement. 

We examined the correlation between sO2 and the RBF, CrCl, and 
VO2 over time in Group 1 and Group 2 using the Spearman linear cor
relation test. We represented RBF, urine production, and sO2 data in box 
plots (median, lower, and upper quartiles, whiskers indicate the 
maximum and minimum data point unless the data point is an outlier) 
[46]. All image and data processing was performed in Matlab 2023a 
(The MathWorks, Natick, MA, USA). 

3. Results 

3.1. Kidney group division 

According to the criteria defined in Section 2.4, the kidneys were 
divided into two groups: Group 1 (non-functional, n = 15) and Group 2 
(functional, n = 7). There were significant differences in the tolerance to 
warm ischemia among different individual kidneys. Eight kidneys with 
30 min WIT and 7 kidneys with 75 min WIT were included in Group 1, 
while Group 2 consisted of the remaining kidneys with 30 min WIT and 
one kidney with 75 min WIT. The RBF, IRR metrics, and total urine 
production at the end of NMP for both groups are shown in Fig. 2. The 
statistically significant difference between the groups in RBF and urine 
production justifies the rationale behind the group division. 

3.2. sO2 measurement 

The sO2 maps over time in kidneys from Group 1 and Group 2 are 
presented in Fig. 3, where an increase of sO2 in the kidney of Group 2 
over time can be observed. The mean sO2 values in the cortical layers of 
2 mm, 4 mm, and 6 mm over time are shown in Fig. 4. Overall, the 
kidneys from Group 2 express higher sO2 over time. The area under the 
curve (AUC) measured in Group 1 is significantly lower than that in 
Group 2. The significance is the highest for sO2 measured in the renal 
cortex of 2 mm depth. 

The results presented in Fig. 4 suggest that the most significant dif
ference between sO2 in Group 1 and Grpoup 2 can be reached by 
measuring sO2 within 2 mm of cortical depth, and the contrast di
minishes with increasing layer depth. The Kruskal-Wallis test did not 
reveal a statistically significant difference between sO2 measured at the 
same time points but at different depths, except in Group 1 at 30 min of 
NMP (p = 0.01). The ROC analysis shown in Fig. 5 confirms this result: 
the largest AUC = 0.85 was calculated from ROCs derived from sO2 
measurements measured in 2 mm and 4 mm layer thickness after 30 min 
of NMP. 

By measuring sO2 within 2 mm cortical depth after 30 min of NMP, 
the kidneys from Group 2 can be discriminated by thresholding the sO2 
value below 39% resulting in sensitivity and specificity of 80% and 86% 
respectively. By measuring sO2 within 2 mm cortical depth after 60 min 
of NMP, the kidneys from Group 2 can be discriminated by thresholding 
the sO2 value below 54% resulting in sensitivity and specificity of 71% 
and 86% respectively (Fig. 5 and Fig. 6). 

The correlation plot between sO2 measured at 2 mm depth and CrCl, 
VO2, and RFB are depicted in Fig. 7. In Group 1, sO2 correlates with RBF, 
and VO2, whilst it does not correlate with CrCl. In Group 2, sO2 correlates 
positively with CrCl, RBF, and VO2. 

3.3. Visual and pathological inspections 

Visual assessment of the kidneys before NMP did not reveal any 
substantial differences in organ appearance. Additionally, during the 
perfusion, the kidneys had a similar pink appearance. The representative 
histological images of biopsies are shown in Fig. 8, and the full overview 
of the histology grades is provided in supplementary Table S2. After 
NMP, 5 kidneys from Groups 1 and 2 kidneys from Group 2 received 
grade 3, revealing severe ATN, whilst the rest of the kidneys received 
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grade 2, revealing moderate ATN. 
For the kidneys with grade 2, the pathological examination revealed 

partial loss of brush border in tubular epithelial cells, slight enlargement 
of Bowman’s space in glomeruli, moderate tubular dilation, interstitial 
edema, and the presence of tubular casts in renal tubules. These changes 
indicate moderate acute ischemic injury. Kidneys with grade 3 exhibited 
more pronounced alterations, including more significant brush border 
loss, marked enlargement of Bowman’s space, and higher prevalence of 
cast formation, indicating severe acute ischemic injury. 

4. Discussion 

In this study, we explored the value of PA imaging for kidney eval
uation before transplantation. Specifically, we investigated sO2 within 
the renal cortex during NMP as a quality metric to indicate the suit
ability of kidneys for transplantation. 

The novelty of our work is that we performed PA imaging while the 
organ was connected to NMP. This technique can help a transplant 
surgeon to make a better decision about the translatability of a donated 
kidney. The main contribution of this work is that we demonstrated, 
through ex-vivo experiments, the association between hypoxia in the 
renal cortex and low levels of CrCl and VO2. We hypothesize that the 
relatively low level of cortical sO2 observed during NMP is associated 
with inferior function. This hypothesis is further supported by the 
findings of low urine production, low RBF, and high IRR in these 

kidneys. 
Hypoxia is a consequence of warm ischemia, where proximal tubular 

cells swell, resulting in increased IRR and decreased flow through the 
renal cortex [47]. Consequently, prolonged warm ischemia disrupts the 
oxygen supply, leading to significant hypoxia which can be detected by 
PA imaging. There is an overlap in sO2 values between Group 1 and 
Group 2 despite the statistically significant difference between the 
groups at all time points. Low sO2 in a renal cortex indicates a high risk 
of inferior renal function and transplant failure, while high sO2 does not 
necessarily guarantee proper renal function and needs to be interpreted 
cautiously together with other functional markers. 

Our results suggest that the best time point to measure sO2 is after 
30 min of NMP within 2 mm of the renal cortical depth. This can be 
explained by the fact that in the first 30 min of NMP, substantial shifts 
occur in various indicators of renal function and viability due to the 
abrupt transition from hypothermic to normothermic preservation. The 
sensitivity of these indicators to even minor differences in measurement 
time introduces variability, diminishing the robustness of the results. 
Therefore, we suggest that the optimal time point for measurement is 
after 30 min when the hemodynamics becomes relatively stable. This 
rationale aligns with the clinical practice of performing one hour or 
longer NMP to evaluate kidney transplantability [48]. The discrimina
tion was poorest by measuring sO2 within a deeper cortical layer. 
Measurements at greater depths can be influenced by low signal-to-noise 
ratio and fluence coloring, which can affect the accuracy of the sO2 

Fig. 2. (a) Total urine production measured in Group 1 and Group 2 at 120 min of NMP. (b) RBF measured in Group 1 and Group 2 at 120 min of NMP. (c) IRR 
measured in Group 1 and Group 2 at 120 min of NMP. The Blue and Red dots represent kidneys subjected to 30 min and 75 min WIT respectively. 

Fig. 3–. Oxygenation sO2 map measured at 20 min, 40 min, 80 min, and 120 min of NMP for a kidney from (a) Group 1 and (b) Group 2. The mentioned time points 
are approximate since the measurement at exact time points was impossible due to practical reasons. 
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Fig. 4. (left) Oxygenation over time and (right) AUC per kidney for the organs from (black) Group 1 and (red) Group 2 measured within the renal cortical layer of 
depths (a) 2 mm, (b) 4 mm, and (c) 6 mm. The dashed black and red lines depict the mean sO2 levels for kidneys from Group 1 and Group 2 respectively. The gray 
and light red areas depict 90% confidence interval for kidneys from Group 1 and Group 2 respectively. The Blue and Red dots represent kidneys subjected to 30 min 
and 75 min WIT respectively. 

Fig. 5. ROC curves for sO2 as a classifier between the kidneys from Group 1 and Group 2 at (a) 30 min, (b) 60 min, and (c) 110 min after NMP start measured within 
the renal cortical layer of depths 2 mm, 4 mm, and 6 mm. 
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measurement [49]. 
The pathology results demonstrated that renal injury becomes more 

prominent during NMP which is also confirmed by the literature [50]. 
Unlike the histological and biochemical analysis, PA can provide in
formation about the kidney viability already after 30 min of NMP which 
is more practical than waiting for the laboratory results and prevents 
deterioration of kidney quality during prolonged NMP. 

The experimental results demonstrate the correlation between sO2 
and viability parameters such as RBF, VO2, and CrCl of the kidneys in 
Group 2. This finding indicates sO2 measured by PA imaging reflects the 
inner physiology of a kidney. The level of CrCl in Group 2 does not 
correlate with sO2. This further supports our conclusion that sO2 can 
discriminate between non-functioning and functioning transplants. 

The correlation of sO2 with RBF, along with the significant difference 
in RBF between Group 1 and Group 2 after 2 h of NMP, suggests a direct 
relation between those two metrics. Despite the correlation between the 
metrics, there are two principal differences: Firstly, unlike RBF, the sO2 
metric provides information about the oxygenation of the kidney cortex. 
Meanwhile, RBF depends on the size of vasculature which is not linearly 
related to cortical perfusion. Secondly, unlike RBF, PA can locally 
quantify sO2 and it allows to identify regions of occluded vasculature 
which is supported by our previous analysis of laser speckle dynamics in 
kidneys during NMP [34]. 

The proposed approach can be compared with alternative recently 
proposed optical-based imaging modalities: LSCI, fluorescence angiog
raphy, and hyperspectral imaging. In contrast with the abovementioned 
modalities, PA can quantify sO2 at up to a few centimeters’ depth whilst 
the optical imaging modalities are limited by a few millimeters. Besides, 
unlike PA, fluorescent angiography only measures perfusion within the 
cortical area without quantification of oxygen saturation. 

Notwithstanding, provided that the cortical perfusion corresponds to the 
sO2 level and the measurement is made only at 2 mm depth, we assume 
that those modalities can be equally used for the kidney quality 
assessment. 

The macroscopic appearance of all kidneys during NMP was normal 
without showing perfusion insufficiency. Evaluation of the macroscopic 
appearance is a subjective method for evaluation of perfusion in the 
superficial layer of the cortex as we also demonstrated in [34]. The 
difference in blood volume reaching the cortical area in the kidneys from 
Group 1 and Group 2 is insufficient to make the discrimination only with 
the naked eye. Besides, low-oxygenated and highly oxygenated blood 
are also hard to distinguish. 

Similarly, the histological examination of biopsies did not reveal 
significant differences between the two groups, despite some kidneys 
from Group 1 being graded as 3 after NMP. Two potential factors may 
contribute to this grading discrepancy. Firstly, individuals vary in their 
tolerance to warm ischemia, and this divergence in response could ac
count for unexpected pathology grading. Secondly, renal biopsies are 
prone to sampling variability. Given that biopsy reflects only a small 
portion of the kidney, it may not comprehensively depict the overall 
condition, leading to discrepancies in pathology grading. 

Currently, renal biopsy is still the gold standard for accurate pre- 
transplant quality assessment. However, it is important to note that 
besides its limitation of being unable to characterize the entire kidney 
and its invasive nature, renal biopsy may not be as sensitive as PA im
aging since it cannot assess renal function, and has been documented to 
overestimate kidney damage [16]. Therefore, while renal biopsy con
tinues to hold value in certain aspects, PA imaging provides a more 
refined approach to assess renal function during NMP. 

Our study has several limitations to be addressed. Firstly, the use of 

Fig. 6. Oxygenation measured within the renal cortical layer of (a) 2 mm, (b) 4 mm, (c) 6 mm depth at time points 30 min, 60 min, and 110 min from the start of 
NMP. Red and Blue markers depict the kidney samples subject to 75 min and 30 min WIT respectively. 
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slaughterhouse kidneys might result in higher interindividual variability 
in kidney viability and extent of renal injury, which could have inter
fered with our outcome measurements. Secondly, while porcine kidneys 

are commonly utilized in preclinical machine perfusion experiments, 
their anatomical and physiological characteristics differ from human 
kidneys. It is important to exercise caution when extrapolating our 

Fig. 7. Correlation between sO2 and (a) CrCl, (b) VO2, and (c) RBF measured at 2 mm depth in Group1 and Group2. The analysis utilized the data acquired at all- 
time points. 

Fig. 8. Representative histological images of biopsies taken from kidneys from (a) Group 1 (grade 3) and (b) Group 2 (grade 2) after 120 min of NMP. Moderate 
severity of acute tubular injury, tubular dilation, and tubule brush loss can be observed in both cases. 
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findings to clinical scenarios. Moreover, due to the sources of porcine 
kidneys, we were unable to perform transplantation and determine the 
definitive outcomes of transplant function. Further research should 
focus on applying PA imaging techniques to experimental kidneys 
intended for transplantation to validate our findings. 

5. Conclusion 

It is feasible to apply photoacoustic imaging on kidney viability 
assessment during normothermic machine perfusion. Low cortical 
oxygenation can identify kidneys with a high risk of inferior function 
and transplant failure. The presented technique has a high potential for 
clinical use since it can support organ selection in a transplantation 
setting. 
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