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Normothermic machine perfusion (NMP) allows for ex vivo viability and functional assessment prior to liver transplantation (LT). Hyperspectral imaging represents a suitable, non-invasive method to evaluate tissue morphology and organ perfusion during NMP. Liver allografts were subjected to NMP prior to LT. Serial image acquisition of oxygen saturation levels (StO2), organ hemoglobin (THI), near-infrared perfusion (NIR) and tissue water indices (TWI) through hyperspectral imaging was performed during static cold storage, at 1h, 6h, 12h and at the end of NMP. The readouts were correlated with perfusate parameters at equivalent time points. Twenty-one deceased donor livers were included in the study. Seven (33.0%) were discarded due to poor organ function during NMP. StO2 (p < 0.001), THI (p < 0.001) and NIR (p = 0.002) significantly augmented, from static cold storage (pre-NMP) to NMP end, while TWI dropped (p = 0.005) during the observational period. At 12–24h, a significantly higher hemoglobin concentration (THI) in the superficial tissue layers was seen in discarded, compared to transplanted livers (p = 0.036). Lactate values at 12h NMP correlated negatively with NIR perfusion index between 12 and 24h NMP and with the delta NIR perfusion index between 1 and 24h (rs = −0.883, p = 0.008 for both). Furthermore, NIR and TWI correlated with lactate clearance and pH. This study provides first evidence of feasibility of hyperspectral imaging as a potentially helpful contact-free organ viability assessment tool during liver NMP.
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INTRODUCTION
In the light of a shortage of donor liver organs, the use of extended criteria donors (ECD) continues to rise. This poses a risk of increased rates of early allograft dysfunction (EAD), primary non-function (PNF) and biliary complications (1–10). Compared to standard criteria donor grafts, ECD livers are more susceptible towards ischemia-reperfusion injury (IRI). In the light of these developments, machine perfusion (MP) has emerged as a procedure aiming to limit IRI. Normothermic machine perfusion (NMP) is also suitable for prolongation of preservation and a comprehensive assessment of livers ex-vivo. While this concept is uniquely appealing, the identification of techniques and biomarkers for a meaningful determination of the quality and function of an organ remains to be established. Essentially, NMP mimics physiologic liver perfusion. During a period of up to 24 h, the liver is accessible for inspection, biopsy, perfusate and bile sampling (11). Contemporarily, viability assessment is performed by measuring biochemical parameters and synthetic function in the perfusate and bile (12–17). Further to this, innovative liver graft viability and injury markers have been applied. However, whether they are acceptable predictors of the outcomes after LT remains to be proven (2, 4, 11, 12). Novel non-invasive methods for the estimation of organ quality during NMP are necessitated. Hyperspectral imaging (HSI) represents a potentially suitable contactless tool to assess tissue morphology and organ perfusion. This technology allows a real-time quantitative evaluation of graft oxygenation and micro-perfusion, as well as organ hemoglobin and water concentration. Previous studies showed that HSI is suitable for monitoring of the oxygen saturation distribution and identifying areas with a reduced oxygen supply (18–20). This may help to detect and quantify impaired, inhomogeneous or deteriorating perfusion (18–27). We herein designed a study demonstrating the feasibility and the potential of HSI in the setting of liver NMP as a non-invasive, simple viability assessment tool.
MATERIALS AND METHODS
Study Design
Liver allografts accepted for transplantation were procured and subjected to NMP. The decision to apply NMP at our center was based on a previously developed concept (6). NMP was applied for the following indications: (I) uncertain organ quality (II) complex recipient, and (III) logistics. MP was performed using the OrganOx metra® system according to a local protocol (6), details are specified in the Supplementary File. Perfusion time on the OrganOx metra® system depended on the time required for assessment, decision-making and logistics. The choice to discard or transplant an organ was based on key quality parameters (6, 14): preservation of physiological pH values (7.3–7.45) without sodium bicarbonate supplementation after 2 h of NMP, a prompt decline and maintenance of lactate to physiological values (≤18 mg/dl), as well as bile production and bile pH > 7.45 are considered indicators for appropriate organ function. The decision to transplant or discard a liver graft was made after a minimum of 6 h NMP. Further to this, high aspartate aminotransferase (AST), alanine aminotransferase (ALT) (>20,000), and lactate dehydrogenase (>20,000) levels are calling for caution (1, 6). To assess the dynamics of HSI parameters during liver NMP and their correlation with perfusate parameters, serial measurements were performed before NMP (during static cold storage), at 1, 6, 12 h and at the end of NMP (Figure 1). HSI data points were assessed longitudinally and in reference to the established biomarkers mentioned above. Donor, recipient and NMP characteristics, transplant procedural data as well as post-operative follow-up data were collected.
[image: Figure 1]FIGURE 1 | (A) Overview describing the methodology and sample collection of the study; (B) OrganOx metra® system used for normothermic machine perfusion (14, 16, 52); (C) TIVITA® Tissue System used for hyperspectral imaging (21); (D) Images acquired during liver normothermic machine perfusion: RGB image, hyperspectral images for oxygenation (StO2), perfusion (NIR perfusion), hemoglobin (THI), and water concentration (TWI), with region of interest (ROI) markers within the parenchyma of liver allografts ICV, Inferior vena cava; PV, Portal vein; HA, Hepatic artery; BD, Bile duct; StO2, Tissue Oxygen Saturation; THI, Tissue Hemoglobin Index; NIR, Near-Infrared Perfusion Index; TWI, Tissue Water Index.
Ethics Statement
The study protocol was approved by the local institutional review board.
Study Population
A total of 21 donor livers were enrolled in this study between December 2020 and May 2021. The majority of these livers were ECD livers. For definition of ECD, the Eurotransplant criteria were applied (28). These include liver grafts with severe macrosteatosis (>30 or >40%), prolonged cold ischemia (>12 h), DCD and high donor age (>80 years). Notably, a number of criteria that could characterize ECDs specifically for LT have been identified, but the impact of each of these remains to be defined (29). From the 21 livers studied in this trial, 14 were transplanted, while seven livers were discarded based on the above-mentioned performance quality criteria during NMP. An overview summarizing the most important characteristics of donors, recipients, liver allografts and MP times are displayed in Table 1.
TABLE 1 | Demographic data.
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For the acquisition of HSI data, a contactless and non-ionizing radiation imaging system (TIVITA® Tissue System, Diaspective Vision GmbH, Am Salzhaff, Germany) was used under standardized conditions and previously reported settings (24, 30). The software (TIVITA Suite Tissue) provides a red-green-blue (RGB) image and four false color images illustrating physiologic parameters of the recorded tissue area, which quantified values of the parameters from blue (low values) to red (high values). The relative blood oxygenation in the microcirculation of superficial hepatic tissue layers (approximately 1 mm) is represented by StO2 (%), whereas the near-infrared (NIR) perfusion index (0–100) represents tissue layers in 4–6 mm penetration depth. The indices THI (0–100) and TWI (0–100) display the relative distribution of hemoglobin and water in the investigated tissue area, respectively. Serial HSI measurements were performed according to our center specific NMP protocol: before NMP, at 1h, 6h, 12 h and at the end (with a maximum of 24 h) of NMP. Supplementary Figure S1 show the different perfusion times of the liver grafts. For the assessment protocol, circular areas, representing the ROI (10 mm diameter markers, 3 markers per liver segment), were defined within the acquired hyperspectral images (Figure 1). The index average was calculated from the values collected from the ROI for each image. Details regarding the application of HSI in this analysis are illustrated in the Supplementary File.
Feasibility and Follow-Up
We primarily assessed the dynamic change of perfusion and oxygenation of liver tissue during NMP. Further to this, we have investigated 1) the differences in HSI dynamics between livers discarded and transplanted as well as 2) the correlations between HSI indices and perfusion parameters.
The clinical follow-up of transplanted patients included the assessment of patient survival, graft survival, Clavien Dindo post-operative complications rate, EAD, Model of Early Allograft Function (MEAF) score, Liver Graft Assessment Following Transplantation (L-Graft) score, biliary and vascular complications, 90 days readmission rate, ICU and total hospital stay.
Statistical Analysis
To examine the Gaussian distribution, we used the D’Agostino-Pearson normality test. The data were analyzed as proportions and medians with interquartile ranges (IQR), because they were consistent with a skewed distribution. Chi-square and Fisher’s exact tests for categorical variables and Mann-Whitney-U tests for continuous variables were used to compare the HSI values in the transplanted and non-transplanted groups. Ordinal variables were analyzed as continuous variables. Using the t or F distributions, Mann-Whitney-U tests were approximated for ordinal variables. The Friedman test and Sing tests were applied for paired non-parametric tests. To correlate HSI parameters and laboratory values measured in the perfusate during NMP, Spearman rank correlation tests were performed. Two-tailed p-values < 0.05 were considered significant throughout the entire analysis. Statistical analysis was performed using SPSS Statistics Version 27.0 for Macintosh (IBM Corporation, Armonk, NY, United States).
RESULTS
Patient Characteristics and Flow Parameters During Normothermic Machine Perfusion
During the study period, a total of 21 deceased donor livers were preserved via NMP. Night-time procedures were avoided and NMP time did not exceed 24 h. Seven (33.0%) were discarded after NMP, due to insufficient organ quality and performance. The median donor age was 61 years (48–70 years) and the median Donor Risk Index was 2.119 (1.610–2.435). Cold ischemia time (CIT) was 6 h (5–8 h) and total NMP time was 20 h (17–27 h). Six (28.6%) grafts derived from DCD donors (Maastricht category III), the remaining grafts from DBD donors. Median recipient MELD and Balance of risk (BAR) scores were 17 (8–21) and 7 (7–10), respectively. The median recipient age was 62 years (58–65 years). The median donor age of transplanted vs. discarded livers was 66 (56–70 years) vs. 46 years (43–56 years) (p = 0.031). All discarded liver allografts were from male donors, while 8 (57.1%) transplanted liver allografts were from female donors (p = 0.011).
The median ICU and total hospital stay were 6 (4–18) and 28 days (21–46), respectively. Six patients (42.9%) developed EAD, the median MEAF and L-Graft scores were 5.67 (4.02–6.90) and −0.73 (−1.33 – (−0.07)). Clavien-Dindo grade ≥3 complications occurred in 11 (78.6%) of 14 patients. Arterial complications occurred in two (14.3%) patients (one anastomotic stricture, one anastomotic aneurysm). Early (≤30 days) biliary complications were detected in six (42.9%) while late biliary complications (>30 days) in three (21.4%) patients. No patients developed non-anastomotic strictures, ischemic type biliary lesions (ITBL) or primary non-function. No patients were listed for re-transplantation. Two patients died due to multi-organ failure. The median follow-up was 106 (82–163) days. Recipient and donor demographics, as well as post-operative outcome parameters are described in Table 1. NMP hepatic artery and portal vein flows were >150 ml/min and >500 ml/min, for all livers during the entire course.
Perfusion and Oxygenation of the Liver Parenchyma During Normothermic Machine Perfusion
The liver parenchyma was analyzed by HSI in cold-stored organs, at 1, 6, 12 h and at the end of NMP. The StO2, THI and NIR perfusion indices significantly increased (p < 0.001, p < 0.001 and p = 0.002 respectively), while the TWI drastically decreased (p = 0.005) during the observational period (Figure 2; Supplementary Table S1). In the interval between static cold storage (pre-NMP) and 1 h NMP, we observed a significant augmentation of the THI and NIR (69 vs. 96, p < 0.001 and 0 vs. 7, p = 0.003, respectively), while the TWI dropped (33 vs. 20, p < 0.001). Contrarily, StO2 mainly remained constant. The dynamics of perfusion and oxygenation over the entire NMP period (between 1 h and 12–24 h) illustrated a significant augmentation of StO2 (31 vs. 39, p = 0.006), while the remaining HSI parameters remained stable. A longitudinal assessment of the tissue during NMP showed a substantial increase of the relative blood oxygenation StO2 (31 vs. 41, p = 0.008), the NIR perfusion index (7 vs. 17, p = 0.008) and the water distribution (TWI) (20 vs. 21, p = 0.008) during the first 6 h of NMP, while HSI values remained stable after this time (Figure 3; Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Dynamic changes of HSI indices over NMP time: (A) StO2; (B) THI; (C) NIR; (D) TWI; the sample size (n = 10) indicates that the Friedman test was calculated based on the ten livers perfused over 12 h and therefore, all NMP time points could be included in the statistical analysis. StO2, Tissue Oxygen Saturation; THI, Tissue Hemoglobin Index; NIR, Near-Infrared Perfusion Index; TWI, Tissue Water Index.
[image: Figure 3]FIGURE 3 | Dynamics of HSI indices between single time points during NMP: (A) Pre-NMP to 1 h NMP; (B) 1 h NMP to 6–12 h NMP; (C) 1 h NMP to 12–24 h NMP; (D) 6–12 h NMP to 12–24 h NMP Sing-test: *p < 0.05; **p < 0.01 StO2, Tissue Oxygen Saturation; THI, Tissue Hemoglobin Index; NIR, Near-Infrared Perfusion Index; TWI, Tissue Water Index.
Discrimination of HSI Dynamics in Transplanted and Discarded Liver Grafts
Liver allografts subjected to NMP and transplantation revealed a significant escalation of the StO2, THI and NIR perfusion index (p = 0.007, p = 0.002 and p = 0.007, respectively) over the entire observational period, while the tissue water concentration (TWI) drastically decreased (p = 0.016). Livers undergoing NMP without subsequent transplantation also displayed a significant augmentation of the relative blood oxygenation (StO2%) (p = 0.033). However, the other HSI parameters remained mainly constant during the study period. Notably, at the end of perfusion (12–24 h), a significantly higher hemoglobin concentration (THI) in the superficial tissue layers was seen in discarded, compared to transplanted livers (p = 0.036). In contrast, StO2, THI, NIR perfusion index and TWI parameters did not differ during the early course of NMP (Figure 4; Supplementary Tables S3, S4). Discriminations of HSI findings between livers from DBD vs. DCD and SCD vs. ECD, as well as livers with sufficient vs. insufficient lactate clearance during the first 6 hours of NMP were performed. The Supplementary File displays these additional findings (Supplementary Figures S2–S4; Supplementary Tables S5–S10).
[image: Figure 4]FIGURE 4 | Differences in dynamics of HSI indices between transplanted and not-transplanted liver grafts: (A) StO2; (B) THI; (C) NIR; (D) TWI Mann-Whitney-test: *p < 0.05; **p < 0.01 StO2, Tissue Oxygen Saturation; THI, Tissue Hemoglobin Index; NIR, Near-Infrared Perfusion Index; TWI, Tissue Water Index.
Correlation of HSI Indices With Perfusion Parameters During Normothermic Machine Perfusion
There is currently limited evidence about the predictive value of individual perfusion parameters (12). Several biomarkers have been proposed to determine optimal clinical and metabolic liver responses during ex vivo NMP, including perfusate lactate clearance, or maintenance of a stable perfusate pH value (31). Lactate has traditionally been used as a marker of sepsis. Lactatemia can subsequently develop in tissue hypoxia (31). In this context, the liver is responsible for removing about 50% of circulating serum lactate, which rises in the liver in case of reduced blood flow/oxygen delivery. In line with the consideration that lactate should be interpreted as a surrogate marker of hypoxic injury and impaired hepatocyte functionality (32–34), our data displayed a negative correlation of increasing lactate values at 12 h NMP with a high NIR perfusion index between 12 and 24 h NMP and with an improved delta NIR perfusion index between 1 and 24 h (rs = −0.883, p = 0.008 for both). The perfusate pH has been introduced as a viability criterium in the context of NMP, given the association with lactic acidosis, most commonly resulting from an imbalance between oxygen delivery and oxygen demand (12). Concomitant to this assumption, our analysis revealed a positive correlation of perfusate pH with the NIR perfusion index over 12 h NMP (rs = 0.733, p = 0.016). The TWI concomitated a decrease in lactatemia and the rising pH. Liver oedema and the related parenchymal damage as detected with HSI during cold storage decreased during NMP. In accordance, the TWI between 6 and 12 h and between cold storage and 1 h NMP were negatively associated with the pH at 12 h (rs = −0.733, p = 0.025 and rs = −0.845, p = 0.001, respectively), while a high TWI during static cold storage correlated with a high pH at 6 h (rs = 0.643, p = 0.004), (Figure 5; Supplementary Tables S11–S13). These findings suggest that the NIR perfusion index and the TWI are potential markers to estimate the severity of impaired perfusion and oxygenation in livers during NMP.
[image: Figure 5]FIGURE 5 | Significant correlations of HSI indices and clinical applied perfusion parameters: (A) NIR 12–24 h NMP/pH 12–24 h NMP; (B) TWI pre-NMP/pH 6 h NMP; (C) Delta NIR 1–24 h NMP/Lactate 12 h NMP; (D) NIR 12–24 h NMP/Lactate 12 h NMP; (E) TWI 6–12 h NMP/pH 12 h NMP; (F) Delta TWI pre-NMP-1h NMP/pH 12 h NMP Spearman´s correlation: rs, Spearman’s Rank Correlation Coefficient; *p < 0.05; **p < 0.01 NIR, Near-Infrared Perfusion Index; TWI, Tissue Water Index.
DISCUSSION
This pilot study was conducted with the intent to investigate HSI in the clinical setting of liver NMP. NMP allows to push the boundaries of organ transplantation, including the use of ECD grafts and longer preservation times (12, 13, 15, 35–37). HSI represents a user friendly imaging technology allowing for a quick and contactless, real-time viability assessment (22). In vivo, HSI can detect alterations at the early stages of NMP. While intra-operative haemodynamic monitoring has been limited to systemic measurements, a more organ-specific approach reflecting local oxygen delivery and microcirculatory perfusion has gained interest (38–40). In the field of hepatobiliary surgery, different imaging techniques were tested in order to evaluate liver parenchymal perfusion (41, 42). Indocyanine green fluorescence was examined as a technology aiding with intraoperative navigation, useful to detect patients at risk for developing EAD after LT (42). Moreover, this method may be utilized as tool to define boundaries of ischaemic areas by capillary flow diffusion in gastrointestinal surgery (38). Intraoperative changes in the oxygenation state of liver grafts were previously measured by near infrared spectroscopy. Mean hepatic oxygen saturation of hemoglobin in the liver was positively correlated with portal flow rate, indicating heterogeneous tissue oxygenation. This parameter was also predictive of EAD (43). Sidestream dark field imaging, a microscopic technique using polarized light to visualize erythrocytes through capillaries, was experimented as non-invasive method to visualize the microvessel architecture (38). In contrast to commonly used methods for determining the oxygenation status, HSI allows a pixel-wise analysis of chemical changes. The additional information on oxygenation status and perfusion quality, might facilitate the decision-making process in transplantation (18–20, 22, 23, 30). Currently utilized HSI parameters like StO2, NIR perfusion index and THI might be of lesser importance if measured during cold storage. However, in the context of MP, HSI may provide useful data on organ viability and performance (22). Moreover, the continuous monitoring of liver micro-perfusion, oxygenation and water content offers an early identification of functional/technical limitations during MP. For the entire observational period, we observed a significant increase in oxygen saturation, tissue hemoglobin concentration and micro-perfusion, while the organ water amount drastically diminished. Furthermore, a subgroup discrimination between transplanted and discarded liver allografts showed an enhanced micro-perfusion in transplanted grafts, mainly after 6–12 h NMP. We observed that tissue oxygenation and micro-perfusion are specifically augmented during the first 12 h of NMP, while lesser dynamic changes were displayed in the late phase of NMP. Current liver graft evaluation is either based on scoring systems involving donor and recipient parameters, or on the invasive assessment of the parenchyma (44–51). Histopathologic examination of liver biopsies represents the current gold standard in the evaluation of liver quality in transplantation, however, several limitations such as time requirement, work-up procedure, reproducibility, intraoperative variance, inappropriate sampling, as well as the invasive nature of the retrieval represent important limitations. Further, histopathology may not always be a reliable indicator of graft quality, since this procedure only captures a snapshot of the morphological but not the functional condition (5). Other assessment technologies include perfusate/bile flow biomarkers as well as hydrodynamic parameters (11, 12). It remains to be determined, if they can be used as long-term indicators of graft outcomes (11). For livers rejected for transplantation based on particular viability criteria, no postoperative data are available and the direct comparison remains elusive (12). A decision-making process based on NMP endpoints poses the risk of incorrectly discarding organs suitable for transplantation. A definitive viability validation would require a well-powered multicenter randomized controlled trial (11). In an attempt to assess if HSI indices correspond with the perfusate biomarkers, our primary findings suggest, that NIR and TWI align with lactate and pH, considered as viability assessment markers during NMP. Based on the limited number of cases analyzed in this study, no conclusions toward an immediate clinical application can be drawn. HSI cannot replace histopathology or the viability markers currently applied. While clinical endpoints in LT trials such as EAD, MEAF and L-Graft score were applied in this study, the restricted number of transplanted patients and the selection applied through assessment during NMP did not permit the identification of discrimination towards the outcome by HSI.
The strengths of the HSI technology as applied during NMP are the immediate applicability and the comprehensive assessment of the perfusion state of an organ over the entire exposed surface (22). Integrating of a real-time imaging procedure into a clinical MP setting would require optimal acquisition distance settings and automated use under sterile conditions (22). Further to the use during NMP, utilization during donor surgery for quality assessment before cold perfusion and procurement could be of interest (30).
In addition to the small cohort analyzed in this study, the different perfusion times and the overall heterogeneity of the liver grafts represent apparent limitations. Further to these, HSI has a relatively low tissue penetration depth, which precludes the detection of injuries in deeper regions, or the potential transcutaneous measurement after transplantation. All in all, HSI during NMP appears promising and feasible and its apparent simplicity makes it attractive for clinical use, but validation in large clinical trials is needed before establishing routine application. All analyses are explorative and p-values ≤ 0.05 were termed significant for descriptive reasons only.
To the best of our knowledge, HSI has not yet been applied previously in the field of liver NMP. We herein proved the technical feasibility of the combination of HSI and NMP. This real-time perfusion imaging may contribute to pre-transplant viability assessment.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The study protocol was approved by the review board of the Medical University of Innsbruck.
AUTHOR CONTRIBUTIONS
Conceptualization: MF and SS; Data curation: MF; Formal analysis: MF and LL; Investigation: MF; Methodology: MF, LL, JH, GO, and RS; Project administration: MF and SS; Resources: MF and SS; Software: MF and LL; Supervision: SS; Validation: MF and SS; Visualization: MF, LL, JH, GO, MP, BC, RO, TR, AW, MM, CM, PZ, JP, TH, DÖ, RS, and SS; Writing—original draft: MF, LL, and SS; Writing—review and editing: MF, LL, JH, GO, MP, BC, RO, TR, AW, MM, CM, PZ, JP, TH, DÖ, RS, and SS.
FUNDING
This research was funded by the GS Stiftung (SS and DÖ) and supported through technical and infrastructure support by Diaspective Vision.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontierspartnerships.org/articles/10.3389/ti.2022.10355/full#supplementary-material
ABBREVIATIONS
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAR, balance of risk score; CIT, cold ischemia time; DBD, donation after brain death; DCD, donation after cardiac death; EAD, early graft dysfunction; ECD, extended criteria donors; HSI, hyperspectral imaging; HTK, histidine-tryptophan-ketoglutarate; ICU, intensive care unit; IGL-1, Institut Georges Lopez; IQR, interquartile range; IRI, ischemia reperfusion injury; ITBL, ischemic type biliary lesions; L-GrAFT, Liver Graft Assessment Following Transplantation; LT, Liver transplantation; MEAF, Model for Early Allograft Function; MELD, model for end-stage liver disease; MP, machine perfusion; NIR, near-infrared perfusion index; NMP, normothermic machine perfusion; PNF, primary non-function; RGB, red-green-blue; ROI, region of interest; StO2 (%), relative blood oxygenation index; THI, tissue hemoglobin index; TWI, tissue water index; UW, University of Wisconsin.
REFERENCES
 1. Weissenbacher, A, Bogensperger, C, and Oberhuber, R. Perfusate Enzymes and Platelets Indicate Early Allograft Dysfunction After Transplantation of Normothermically Preserved Livers. Transplantation (2022) 106:792. doi:10.1097/TP.0000000000003857
 2. Fodor, M, Zoller, H, and Oberhuber, R. The Need to Update Endpoints and Outcome Analysis in the Rapidly Changing Field of Liver Transplantation. Transplantation (2022) 106:938. doi:10.1097/TP.0000000000003973
 3. Fodor, M, Cardini, B, Peter, W, Weissenbacher, A, Oberhuber, R, Hautz, T, et al. Static Cold Storage Compared with Normothermic Machine Perfusion of the Liver and Effect on Ischaemic-Type Biliary Lesions after Transplantation: a Propensity Score-Matched Study. Br J Surg (2021) 108:1082–9. doi:10.1093/bjs/znab118
 4. Fodor, M, Woerdehoff, A, Peter, W, Esser, H, Oberhuber, R, Margreiter, C, et al. Reassessment of Relevance and Predictive Value of Parameters Indicating Early Graft Dysfunction in Liver Transplantation: AST Is a Weak, but Bilirubin and INR Strong Predictors of Mortality. Front Surg (2021) 8:693288. doi:10.3389/fsurg.2021.693288
 5. Cardini, B, and Fodor, M. Live Confocal Imaging as a Novel Tool to Assess Liver Quality: Insights from a Murine Model. In: Oberhuber R, editor. Transplantation Publish Ahead of Print (2020) doi:10.1097/tp.0000000000003405
 6. Cardini, B, Oberhuber, R, and Fodor, M. Clinical Implementation of Prolonged Liver Preservation and Monitoring through Normothermic Machine Perfusion in Liver Transplantation. Transplantation (2020) 104:1917. doi:10.1097/TP.0000000000003296
 7. Neuberger, J, and Callaghan, C. Organ Utilization - the Next Hurdle in Transplantation?Transpl Int (2020) 33:1597–609. doi:10.1111/tri.13744
 8. Ivanics, T, Abreu, P, De Martin, E, and Sapisochin, G. Changing Trends in Liver Transplantation: Challenges and Solutions. Transplantation (2021) 105:743–56. doi:10.1097/tp.0000000000003454
 9. Ivanics, T, Shwaartz, C, Claasen, MPAW, Patel, MS, Yoon, P, Raschzok, N, et al. Trends in Indications and Outcomes of Liver Transplantation in Canada: A Multicenter Retrospective Study. Transpl Int (2021) 34:1444–54. doi:10.1111/tri.13903
 10. De Carlis, R, Lauterio, A, Centonze, L, Buscemi, V, Schlegel, A, Muiesan, P, et al. Italian DCD Collaborator Group. Current Practice of Normothermic Regional Perfusion and Machine Perfusion in Donation after Circulatory Death Liver Transplants in Italy. Updates Surg (2022) 74(2):501–10. doi:10.1007/s13304-022-01259-9
 11. Martins, PN, Rizzari, MD, Ghinolfi, D, Jochmans, I, Attia, M, Jalan, R, et al. Design, Analysis, and Pitfalls of Clinical Trials Using Ex Situ Liver Machine Perfusion: The International Liver Transplantation Society Consensus Guidelines. Transplantation (2021) 105:796–815. doi:10.1097/tp.0000000000003573
 12. Brüggenwirth, IMA, van Leeuwen, OB, Porte, RJ, and Martins, PN. The Emerging Role of Viability Testing During Liver Machine Perfusion. Liver Transpl (2022) 28(5):876–86. doi:10.1002/lt.26092
 13. Weissenbacher, A, Vrakas, G, Nasralla, D, and Ceresa, CDL. The Future of Organ Perfusion and Re‐conditioning. Transpl Int (2019) 32:586–97. doi:10.1111/tri.13441
 14. Nasralla, D, Coussios, CC, Coussios, CC, Mergental, H, Akhtar, MZ, Butler, AJ, et al. A Randomized Trial of Normothermic Preservation in Liver Transplantation. Nature (2018) 557:50–6. doi:10.1038/s41586-018-0047-9
 15. Ceresa, CDL, Nasralla, D, Coussios, CC, and Friend, PJ. The Case for Normothermic Machine Perfusion in Liver Transplantation. Liver Transpl (2018) 24:269–75. doi:10.1002/lt.25000
 16. Ceresa, CDL, Nasralla, D, and Jassem, W. Normothermic Machine Preservation of the Liver: State of the Art. Curr Transpl Rep (2018) 5:104–10. doi:10.1007/s40472-018-0186-9
 17. Detelich, D, and Markmann, JF. The Dawn of Liver Perfusion Machines. Curr Opin Organ Transpl (2018) 23:151–61. doi:10.1097/mot.0000000000000500
 18. Florian, T. Hyperspectral Imaging for Monitoring Oxygen Saturation Levels during Normothermic Kidney Perfusion. J Sens Sens Syst (2016) 5:313–8. doi:10.5194/jsss-5-313-2016
 19. Mühle, R, Markgraf, W, Hilsmann, A, Malberg, H, Eisert, P, and Wisotzky, EL. Comparison of Different Spectral Cameras for Image-Guided Organ Transplantation. J Biomed Opt (2021) 26:076007. doi:10.1117/1.JBO.26.7.076007
 20. Lu, G, and Fei, B. Medical Hyperspectral Imaging: a Review. J Biomed Opt (2014) 19:10901. doi:10.1117/1.JBO.19.1.010901
 21. Diaspective Vision GmbH, G. Hyperspectral Imaging. Am Salzhaff, Germany: Diaspective Vision GmbH (2021). 
 22. Fodor, M, Hofmann, J, Lanser, L, Otarashvili, G, Pühringer, M, Hautz, T, et al. Hyperspectral Imaging and Machine Perfusion in Solid Organ Transplantation: Clinical Potentials of Combining Two Novel Technologies. J Clin Med (2021) 10:10. doi:10.3390/jcm10173838
 23. Holmer, A, Marotz, J, Wahl, P, Dau, M, and Kämmerer, PW. Hyperspectral Imaging in Perfusion and Wound Diagnostics - Methods and Algorithms for the Determination of Tissue Parameters. Biomed Tech (Berl) (2018) 63:547–56. doi:10.1515/bmt-2017-0155
 24. Moulla, Y, Buchloh, DC, and Köhler, H. Hyperspectral Imaging (HSI)-A New Tool to Estimate the Perfusion of Upper Abdominal Organs during Pancreatoduodenectomy. Cancers (Basel) (2021) 13:2846. doi:10.3390/cancers13112846
 25. Mühle, R, Ernst, H, Sobottka, SB, and Morgenstern, U. Workflow and Hardware for Intraoperative Hyperspectral Data Acquisition in Neurosurgery. Biomed Tech (Berl) (2020) doi:10.1515/bmt-2019-0333
 26. Sucher, R, Scheuermann, U, Rademacher, S, Lederer, A, Sucher, E, Hau, HM, et al. Intraoperative Reperfusion Assessment of Human Pancreas Allografts Using Hyperspectral Imaging (HSI). Hepatobiliary Surg Nutr (2022) 11(1):67–77. doi:10.21037/hbsn-20-744
 27. Sucher, R, Athanasios, A, Köhler, H, Wagner, T, Brunotte, M, Lederer, A, et al. Hyperspectral Imaging (HSI) in Anatomic Left Liver Resection. Int J Surg Case Rep (2019) 62:108–11. doi:10.1016/j.ijscr.2019.08.025
 28.European Association for the Study of the Liver. EASL Clinical Practice Guidelines: Liver Transplantation. J Hepatol (2016) 64:433–85. doi:10.1016/j.jhep.2015.10.006
 29. Resch, T, Cardini, B, Oberhuber, R, Weissenbacher, A, Dumfarth, J, Krapf, C, et al. Transplanting Marginal Organs in the Era of Modern Machine Perfusion and Advanced Organ Monitoring. Front Immunol (2020) 11:631. doi:10.3389/fimmu.2020.00631
 30. Sucher, R, Wagner, T, Köhler, H, Sucher, E, Guice, H, Recknagel, S, et al. Hyperspectral Imaging (HSI) of Human Kidney Allografts. Ann Surg (2020) doi:10.1097/SLA.0000000000004429
 31. Xu, M, Zhou, F, Ahmed, O, Randle, LV, Shin, J-K, Zhu, Y, et al. Dual Lactate Clearance in the Viability Assessment of Livers Donated after Circulatory Death with Ex Situ Normothermic Machine Perfusion. Transpl Direct (2021) 7:e789. doi:10.1097/txd.0000000000001243
 32. Kim, DG, Lee, JY, Jung, YB, Song, SH, Lee, JG, Han, DH, et al. Clinical Significance of Lactate Clearance for the Development of Early Allograft Dysfunction and Short-Term Prognosis in Deceased Donor Liver Transplantation. Clin Transpl (2017) 31(12). doi:10.1111/ctr.13136
 33. Orii, R, Sugawara, Y, Hayashida, M, Yamada, Y, Kubota, K, Takayama, T, et al. Peri-operative Blood Lactate Levels in Recipients of Living-Related Liver Transplantation1. Transplantation (2000) 69:2124–7. doi:10.1097/00007890-200005270-00028
 34. Hann, A, Lembach, H, Nutu, A, Mergental, H, Isaac, JL, Isaac, JR, et al. Assessment of Deceased Brain Dead Donor Liver Grafts via Normothermic Machine Perfusion: Lactate Clearance Time Threshold Can Be Safely Extended to 6 hours. Liver Transpl (2022) 28(3):493–6. doi:10.1002/lt.26317
 35. Watson, CJE, Kosmoliaptsis, V, Pley, C, Randle, L, Fear, C, Crick, K, et al. Observations on the Ex Situ Perfusion of Livers for Transplantation. Am J Transpl (2018) 18:2005–20. doi:10.1111/ajt.14687
 36. Watson, CJE, and Jochmans, I. From "Gut Feeling" to Objectivity: Machine Preservation of the Liver as a Tool to Assess Organ Viability. Curr Transpl Rep (2018) 5:72–81. doi:10.1007/s40472-018-0178-9
 37. Panconesi, R, Flores Carvalho, M, Mueller, M, Meierhofer, D, Dutkowski, P, Muiesan, P, et al. Viability Assessment in Liver Transplantation-What Is the Impact of Dynamic Organ Preservation?Biomedicines (2021) 9:9. doi:10.3390/biomedicines9020161
 38. de Bruin, AFJ, Kornmann, VNN, van der Sloot, K, van Vugt, JL, Gosselink, MP, Smits, A, et al. Sidestream Dark Field Imaging of the Serosal Microcirculation during Gastrointestinal Surgery. Colorectal Dis (2016) 18:O103–O110. doi:10.1111/codi.13250
 39. de Bruin, AFJ, Tavy, A, van der Sloot, K, Smits, A, Van Ramshorst, B, Boerma, CE, et al. Use of an Image Acquisition Stabilizer Improves Sidestream Dark Field Imaging of the Serosa during Open Gastrointestinal Surgery. J Vasc Res (2016) 53:121–7. doi:10.1159/000448735
 40. de Bruin, AFJ, Tavy, ALM, van der Sloot, K, Smits, A, Ince, C, Boerma, EC, et al. Can Sidestream Dark Field (SDF) Imaging Identify Subtle Microvascular Changes of the Bowel during Colorectal Surgery?Tech Coloproctol (2018) 22:793–800. doi:10.1007/s10151-018-1872-4
 41. Kawaguchi, Y, Akamatsu, N, Ishizawa, T, Kaneko, J, Arita, J, Sakamoto, Y, et al. Evaluation of Hepatic Perfusion in the Liver Graft Using Fluorescence Imaging with Indocyanine green. Int J Surg Case Rep (2015) 14:149–51. doi:10.1016/j.ijscr.2015.07.031
 42. Figueroa, R, Golse, N, Alvarez, FA, Ciacio, O, Pittau, G, Sa Cunha, A, et al. Indocyanine green Fluorescence Imaging to Evaluate Graft Perfusion during Liver Transplantation. Hpb (2019) 21:387–92. doi:10.1016/j.hpb.2018.09.001
 43. Kitai, T, Tanaka, A, Tokuka, A, Sato, B, Mori, S, Yanabu, N, et al. Intraoperative Measurement of the Graft Oxygenation State in Living Related Liver Transplantation by Near Infrared Spectroscopy. Transpl Int (1995) 8:111–8. doi:10.1007/bf00344420
 44. Dutkowski, P, Oberkofler, CE, Slankamenac, K, Puhan, MA, Schadde, E, Müllhaupt, B, et al. Are There Better Guidelines for Allocation in Liver Transplantation?Ann Surg (2011) 254:745–54. doi:10.1097/sla.0b013e3182365081
 45. Braat, AE, Blok, JJ, Putter, H, Adam, R, Burroughs, AK, Rahmel, AO, et al. The Eurotransplant Donor Risk index in Liver Transplantation: ET-DRI. Am J Transpl (2012) 12:2789–96. doi:10.1111/j.1600-6143.2012.04195.x
 46. Feng, S, Goodrich, NP, Bragg-Gresham, JL, Dykstra, DM, Punch, JD, DebRoy, MA, et al. Characteristics Associated with Liver Graft Failure: the Concept of a Donor Risk index. Am J Transpl (2006) 6:783–90. doi:10.1111/j.1600-6143.2006.01242.x
 47. Kamath, PS, Kim, WR, and Group, ALDS. The Model for End-Stage Liver Disease (MELD). Hepatology (2007) 45:797–805. doi:10.1002/hep.21563
 48. Agopian, VG, Markovic, D, and Klintmalm, GB. Multicenter Validation of the Liver Graft Assessment Following Transplantation (L-GrAFT) Score for Assessment of Early Allograft Dysfunction. J Hepatol (2021) 74:881. doi:10.1016/j.jhep.2020.09.015
 49. Agopian, VG, Harlander-Locke, MP, Markovic, D, Dumronggittigule, W, Xia, V, Kaldas, FM, et al. Evaluation of Early Allograft Function Using the Liver Graft Assessment Following Transplantation Risk Score Model. JAMA Surg (2018) 153:436–44. doi:10.1001/jamasurg.2017.5040
 50. Pareja, E, Cortes, M, Hervás, D, Mir, J, Valdivieso, A, Castell, JV, et al. A Score Model for the Continuous Grading of Early Allograft Dysfunction Severity. Liver Transpl (2015) 21:38–46. doi:10.1002/lt.23990
 51. Olthoff, KM, Kulik, L, Samstein, B, Kaminski, M, Abecassis, M, Emond, J, et al. Validation of a Current Definition of Early Allograft Dysfunction in Liver Transplant Recipients and Analysis of Risk Factors. Liver Transpl (2010) 16:943–9. doi:10.1002/lt.22091
 52. Bral, M, Dajani, K, Leon Izquierdo, D, Bigam, D, Kneteman, N, Ceresa, CDL, et al. A Back-to-Base Experience of Human Normothermic Ex Situ Liver Perfusion: Does the Chill Kill?Liver Transpl (2019) 25:848–58. doi:10.1002/lt.25464
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Fodor, Lanser, Hofmann, Otarashvili, Pühringer, Cardini, Oberhuber, Resch, Weissenbacher, Maglione, Margreiter, Zelger, Pallua, Öfner, Sucher, Hautz and Schneeberger. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/ti-35-10355-g004.gif





OPS/images/ti-35-10355-g005.gif





OPS/images/ti-35-10355-g002.gif





OPS/images/ti-35-10355-g003.gif





OPS/images/ti-35-10355-t001.jpg
Donor data

Age y)°

Gender

© Man

© Woman

BMI (kg/m?)°

U time (d°

CIT (hP°

Cause of death
Gerebrovasoular
Giroulatory

Trauma

Other

ECD donor

Donor Type

DBD

DCD

DRP

Hypertension
Alcohol Abuse
Malignancy
Steatosis hepatis

o Mild (<40%)
 Moderate (40%-80%)
o Severe (>80%)
NMP indication

© Complex recipient
 Marginal donor

« Logistics

NMP time (n)°

Total preservation time (h)°

Total (n = 21)

61 (48-70)

13(61.9)
8(38.1)
26 (24-28)
3(-7)
6(5-9)

15 (71.4)
2(95)
1(4.8
3(143)

16 (76.2)

15 (71.4)
6(286)
2119 (1.610-2.435)
7(333)
4(19)
2(95)

11 (52.4)

10 (47.6)
148
00

2(95)
18 (85.7)
8(38.1)
15 (11-20)

20 (17-27)

Recipient data and post-operative outcome

Age (y)°

Gender

© Man

© Woman

BMI (kg/m?)°®

MELD®

Time on waiting list (c)°
BAR score”

BAR score > 8

Total hospital stay (d)°
ICU stay (d)®

Early allograft dysfunction
MEAF score®

L-Graft score”

Glavien Dindo >3
90—days readmission rate (unplanned)
Biliary complications
*<30d

©>30d

© Biliary leakage
 Anastomotic stricture
« Bilary cast syndrome
Arterial complication
Patient survival (d)”
Graft sunvival (d)°
Patient death

Values in parentheses are percentages unless indicated otherwise

*Chi-square for categorical variables and Mann-Whitney-U Test for continuous variables.

“Values are median (.q.r.).
B, body mass index; ICU, intensive care unit;

Following Transplantasion.

Transplanted (n = 14)

66 (56-70)

6(42.9)
8(57.1)
26 (24-28)
47
6(5-8)

10 (71.4)
1071

3(21.4)
10 (71.4)

10 (71.4)
4(286)
2268 (1.728-2.482)
4(286)
1(7.1)
10.1)
6(42.9)
5(35.7)
1(02)

0()

2(14.3)
11 (786)
6 (42.9)
15 (13-20)

21 (17-27)

62 (58-65)

10 (71.4)
4(28.6)
257 (218-28.2)
17 (8-21)

52 (37-197)
7(7-10)

6 (42.9)

28 (21-46)
6(4-18)

6 (42.9)
5.67 (4.02-6.90)
-0.73 (-1.33-0.07)
11 (78.6)
4(28.6)
9(64.9
6 (42.9)
3(21.4)
4(28.6)
4(28.6)
1(7.9)
2(14.3)

106 (82-163)
106 (82-163)
2(143)

Not transplanted (n = 7)

46 (43-56)
7 (100)

28 (23-31)
2(2-7)
769

5(71.4)
1(14.9)
1(14.3)

6(85.7)

5(71.4)
2(28.6)
1.760 (1.480-2.220)
3429
3429
1(143)
5(71.4)
5(71.4)

0(0)

0

7 (100)
2(28.6)
12 (7-22)
19 (9-30)

p-value®

p=0031
p=0011

p =0.585
p =0.585
0.856

p =029

p=0263
0.289
p=0.102
p =059
0.279

p=0293
p=0.186
0.525
p=0585
p=0.799

IT, cold ischemia time; ECD, extended criteria donor; DBD, donation after brain death; DCD, donation after cardliac death; DR, donor risk
index; NMP, normothermic machine perfusion; MELD, Model for End-Stage Liver Disease; BAR, balance of risk; MEAF, model of early allograft function; L-Graft, Liver Graft Assessment





OPS/xhtml/nav.xhtml
Contents

		Cover

		Hyperspectral Imaging as a Tool for Viability Assessment During Normothermic Machine Perfusion of Human Livers: A Proof of Concept Pilot Study		Introduction

		Materials and Methods		Study Design

		Ethics Statement

		Study Population

		Hyperspectral Imaging of Human Liver Allografts

		Feasibility and Follow-Up

		Statistical Analysis





		Results		Patient Characteristics and Flow Parameters During Normothermic Machine Perfusion

		Perfusion and Oxygenation of the Liver Parenchyma During Normothermic Machine Perfusion

		Discrimination of HSI Dynamics in Transplanted and Discarded Liver Grafts

		Correlation of HSI Indices With Perfusion Parameters During Normothermic Machine Perfusion





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
( ESOT

é Transplant
International

Hyperspectral Imaging as a Tool
for Viability Assessment During
Normothermic Machine
Perfusion of Human Livers: A
Proof of Concept Pilot Study






OPS/images/ti-35-10355-abs.gif
Hyperspectral imaging as a tool for viability assessment during normothermic machine-
:2 proof of concept pilotstudy.






OPS/images/ti-35-10355-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
é ESOT

( Transplant
International





