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Machine perfused ex-vivo organs offer an excellent experimental platform, e.g., for studying organ physiology and for conducting pre-clinical trials for drug delivery. One main challenge in machine perfusion is the accurate assessment of organ condition. Assessment is often performed using viability markers, i.e., lactate concentrations and blood gas analysis. Nonetheless, existing markers for condition assessment can be inconclusive, and novel assessment methods remain of interest. Over the last decades, several imaging modalities have given unique insights into the assessment of organ condition. A systematic review was conducted according to accepted guidelines to evaluate these medical imaging methods, focussed on literature that use machine perfused human-sized organs, that determine organ condition with medical imaging. A total of 18 out of 1,465 studies were included that reported organ condition results in perfused hearts, kidneys, and livers, using both conventional viability markers and medical imaging. Laser speckle imaging, ultrasound, computed tomography, and magnetic resonance imaging were used to identify local ischemic regions and quantify intra-organ perfusion. A detailed investigation of metabolic activity was achieved using 31P magnetic resonance imaging and near-infrared spectroscopy. The current review shows that medical imaging is a powerful tool to assess organ condition.
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INTRODUCTION
Ex-vivo machine perfused organs are a widely used model for experimental research, for example, on drug delivery and transplantation [1, 2]. By (re)perfusing organs ex-vivo, an environment can be created that allows for the study of organs in a simulated in vivo situation. One reason why ex-vivo machine perfused organs are chosen over in vitro phantoms is the biological complexity, which is difficult to replicate in the latter. Moreover, the experimental flexibility that ex-vivo machine perfused organs offer is generally not attainable in in vivo research in technical, operational, and ethical sense. While the technique has already been used and improved for over 150 years, interest has spiked in recent decades due to an increase in clinical relevance and the desire to reduce animal experiments [3, 4]. The main challenge in the research field is to increase the preservation time of organs, which requires a better understanding of the preservation parameters and a more reliable assessment of organ condition [5, 6].
Preservation parameters have been studied extensively, however, the influence of these parameters on organ condition is complex and not fully understood, which is further confounded by the variations in the used perfusion systems, like system components, perfusate types, and hemodynamics [7]. If the organ condition is assessed in these studies, it is often done by measuring viability markers such as perfusate lactate levels, oxygen consumption or organ-specific parameters like bile production in the liver. Often, multiple markers are used, and results are combined to offer information on the condition of the organ, but reliability of existing markers remains questionable [8]. There is, thus, no consensus on the usage of methods to assess organ condition [9].
Novel non-invasive biomarkers are needed to increase reliability of organ condition assessment, to improve and standardize the use of ex-vivo perfused organs in research. Several promising biomarkers have been reported that derive from the field of medical imaging [10–12]. These markers could give unique insights into organ condition assessment on both a macroscopic as well as a microscopic scale. Medical imaging can for example, be used to investigate tissue perfusion for the early identification of ischemic regions, but a direct metabolic assessment has also been reported [13, 14].
The goal of this systematic literature review is to give an overview of the added value of medical imaging in the assessment of organ condition in ex-vivo perfusion setups. Various imaging biomarkers that have been used for assessment of human-sized machine perfused hearts, kidneys, and livers will be described and compared.
MATERIALS AND METHODS
The literature review was conducted using the preferred reporting items for systematic review and metaanalyses (PRISMA) guidelines [15].
Search Strategy
Two authors (J.H. and M.K.) conducted the literature search independently after reaching consensus on a search query. The same query was used in three databases: Scopus (Elsevier, Amsterdam, Netherlands), PubMed (National Center for Biotechnology Information, Bethesda, United States), and Web of Science (Clarivate Analytics PLC, London, UK) on April 3rd, 2023. The following search headings were used to find eligible studies: (“isolated” OR “ex vivo” OR “ex situ”) AND (“organ” OR “kidney” OR “liver” OR “heart”) AND (“perfus*” OR “machine perfus*” OR “NMP”) AND (“MRI” OR “magnetic resonance imaging” OR “photoacoustic*” OR “computed tomography” OR “ultrasound” OR “medical imaging” OR “diagnostic imaging”). A resurgence in the use of machine perfusion took place in the early 2000s with the arrival of hollow fibre oxygenators, which increases the possibilities and accuracy for organ condition assessment [4, 16]. Therefore, papers published between 2000 and 2023 were included to ensure coverage of relevant articles after this resurgence. Duplicates were removed using EndNote (version 20.3, Clarivate, London, UK) based on their title, authors, the year of publication, and the journal of publication. Articles were then imported in Rayyan Intelligent Systematic Reviewer (Rayyan Systems Inc., Cambridge, Massachusetts, United States) for title and abstract screening [17].
Selection Criteria
Studies were included for full-text assessment based on the following criteria: articles that reported (i) isolated organ ex-vivo perfusion results using whole (ii) kidneys, hearts, and livers from (iii) pigs, cows, sheep, dogs, and humans, where during perfusion (iv) condition was assessed by histology, blood gas parameters or organ specific viability markers, and where (v) any form of medical imaging, was applied. Studies that used hypothermic machine perfusion were excluded, as the reduced metabolic activity of hypothermically perfused organs makes the setting less suitable for organ condition assessment [4, 18]. Studies that did not present viability results or that did not report ischemia times were excluded, as the undisclosed status of the perfused organ restricts the comparison and evaluation of the different imaging modalities and methods. Studies that only used medical imaging for therapeutic reasons were excluded for the same reason. Case studies and reviews were excluded. Disagreements were discussed and resolved by consulting a third author (E.G.J.).
Data Extraction
The full texts were reviewed independently by J.H and M.K and a final selection was made by comparing the data extractions. Publication details, including the authors and year of publication, were collected. Animal and organ characteristics including type and weight were extracted, together with information on the condition of the organs based on the assessment by both conventional biomarkers as well as medical imaging modalities.
RESULTS
Literature Search
A total of 2,505 abstracts were identified. Figure 1 depicts the flow chart of the study selection, which resulted in 18 included studies. These studies are grouped according to the used imaging modalities, which includes 8 studies with magnetic resonance imaging (MRI) [10, 11, 19–24], 4 studies with ultrasound imaging [13, 25–27], 3 studies with ionizing radiation based imaging [28–30] and 3 studies with optical based imaging [12, 14, 31].
[image: Figure 1]FIGURE 1 | PRISMA flow diagram.
Study Characteristics
An overview of the study designs and hemodynamics is given in Table 1. The variation in machine perfusion parameters that was mentioned in the introduction is highlighted by the variation in hemodynamics. Additional details can be found in the Supplementary Material for all tables in this review.
TABLE 1 | Study design and input parameters.
[image: Table 1]Study Assessment
Conventional Organ Condition Assessment
When evaluating medical imaging for organ condition assessment, several conventional biomarkers were reported in the included literature for reference. These conventional biomarkers can be categorized in four groups: hemodynamics, histology, blood (gas) parameters, and organ specific parameters. The biomarker overview is given in the context of medical imaging method evaluation, a thorough analysis of conventional biomarkers can be found elsewhere [9, 32, 33].
Hemodynamic parameters are measured in 17 of the included studies. The flow, pressure, resistance, and temperature can be analysed based on their trends after organ reperfusion. Resistance should decrease after reperfusion, where a deviation can indicate organ damage or oedema formation [14, 29]. Hemodynamic-based assessment can become more elaborate in beating heart models by for example, a contractility assessment [26].
Histological assessment with biopsies is used in 10 studies for a microscopic analysis of organ tissue. Biopsies are often taken at multiple locations to approach a more global evaluation, and most studies also take biopsies at multiple time instances to analyse the effect of reperfusion. Histological assessment gives mostly qualitative information on a cellular level, however, these results are also quantified in some studies, expressed by injury scores [19]. Biopsies were analysed for organ specific structures, like glomerular integrity and tubular dilatation in kidney cortical biopsies [19], and sinusoid and hepatocyte structures in liver biopsies [13]. Several types of staining were also used that are organ agnostic, like periodic acid-schiff staining [22] and hematoxylin and eosin staining [24, 25].
A variety of blood gas parameters are reported in 16 of the included studies. Primarily oxygen (consumption), lactate, glucose, and pH were measured in these studies, which can indicate perfusion deficits and the onset of ischemia, e.g., with a built-up of lactate. Decision-making for liver transplantation is often based on such blood gas parameters, for example, pH stability (7.3–7.45) and the lactate concentration (≤18 mg/dL) for the transplantation of human livers as described by Fodor et al. [12].
Some parameters can also be used that are specific to the organ used in the study, which is described in 17 of the included studies. These include the bile production of the liver and urine production of a kidney, which can be evaluated based on the production quantity and its composition (e.g., pH). In beating heart perfusion studies, the heart beat is generally monitored over the duration of perfusion, where a stable sinus rhythm and ejection fraction are indicative of a healthy heart condition [26, 29].
Magnetic Resonance Imaging
A total of 8 studies used MRI during perfusion in the assessment of organs, reporting a wide range of MR techniques (Table 2). A distinction in these techniques can be made based on the detection of abnormalities, e.g., lesions and perfusion defects, or the direct assessment of organ metabolism and function.
TABLE 2 | Organ assessment with magnetic resonance imaging.
[image: Table 2]Several studies have shown the capability of MRI to detect lesions and other abnormalities within perfused organs, which would otherwise remain undiscovered. More conventional MR methods are widely used in clinical practice, and several included studies show their suitability for lesion detection. For example, Mariager et al. used a balanced steady state free precession (bSSFP) gradient echo cine imaging sequence on perfused hearts for anatomical assessment, which showed oedema swelling in all hearts [21]. Schutter et al. used a SPACE sequence for T2-weighted anatomical imaging of kidneys to scan for abnormalities [10]. This resulted in the discovery of multiple abnormalities, including a benign cystic structure not visible on the exterior of the kidney, and an ischemic region that was missed by surgical organ inspection. Gadolinium contrast can also be used to highlight lesions by contrast accumulation, which is for example, done with late gadolinium enhanced (LGE) MRI. Vaillant et al. used LGE T1-mapping to identify a myocardial lesion in one heart, which was missed by native T1mapping [23].
Assessment of the entire organ with MRI is also reported in several studies, which can be performed without contrast administration. In a kidney perfusion study by Schutter et al., intrarenal flows were analysed using a method known as arterial spin labelling (ASL) [22]. This method could capture the redistribution mechanism of the kidney, by relative measurements of the cortico-medullar ratio. In the case of heart perfusion, assessment is also possible with MRI based on the functionality of a working heart model with e.g., cine MRI. Hemodynamic values were determined with this method in two studies, which were comparable to in vivo values found in literature for the working heart model [23], but different for Langendorff perfused hearts [21].
Administration of contrast is used to better distinguish areas of interest, which is done in dynamic contrast enhanced (DCE) MRI. In a study by Mariager et al., the cortical perfusion in kidneys was measured with this method [11]. The function of the kidney was also assessed with this method by calculating the glomerular filtration rate, which was comparable to values found in literature and could serve as a biomarker. Gadolinium contrast is also used in diffusion weighted MRI, which is predominantly used for diagnosis of acute cerebral ischemia [34]. However, Liu et al. found that the apparent diffusion coefficient (ADC) value derived using diffusion weighted MRI could not discriminate between ischemic and non-ischemic regions in a perfused porcine liver, contradicting in vivo result in the same study [20]. In the condition assessment of hearts, Yang et al. introduce manganese as an alternative to gadolinium contrast [24]. Manganese has a fairly rapid uptake in healthy heart cells through the calcium channels, which directly gives a readout of heart condition by serving as a calcium analogue [35]. The sensitivity of manganese enhanced cardiac MRI is highlighted in this study, as ischemic regions were detected that did stain positive for triphenyl tetrazolium chloride, indicating healthy tissue.
The metabolic state of organs can also be analysed directly, by for example, mapping the oxygen consumption in entire organs. Schutter et al. analysed this in perfused kidneys with the functional MR method T2*-mapping, which measures deoxygenated haemoglobin. The T2* signal dropped especially in the functionally important renal cortex when oxygen delivery was halted, thus indicating the onset of ischemia. The myocardial energetic status of perfused hearts was measured by Vaillant et al. with 31P MR spectroscopy, using a high-field MR scanner and a coil tuned for both 1H and 31P [23]. ATP values can be derived by the resulting spectra from this method, which showed that the myocardial energetic status was preserved. Alternatively, energetic status of perfused organs can be assessed by hyperpolarized [1-13C]pyruvate MRI. Injected hyperpolarized pyruvate is converted in the tissue into bicarbonate for aerobic metabolism and into lactate for an anaerobic conversion, which can be assessed directly by hyperpolarized spectroscopy in combination with spectral spatial (SPSP) imaging. Schutter et al. used this method to assess perfused kidneys, whereas Mariager et al. used this method to assess both perfused hearts and kidneys in subsequent studies. All studies found a very high lactate conversion rate that was inconsistent with in vivo values, which is possibly caused by the altered metabolic profile of ex-vivo perfused organs [10, 11, 21].
Ultrasound
The assessment of organs was investigated with ultrasound in 4 studies (Table 3). The assessment with ultrasound was mostly based on perfusion, but two other methods have also been reported. For the detection of anatomic abnormalities, conventional B-mode ultrasound imaging was applied by Izamis et al. to scan all 30 included livers, however, no abnormalities were found [13]. The functional analysis of beating hearts was conducted by Ribeiro et al. using surface echocardiography [26]. Significant differences in the left ventricle circumferential strain and right ventricle fractional area change were found in a beating heart donor group and a cardiac death group, which could not be related to post-transplant outcomes.
TABLE 3 | Organ assessment with ultrasound imaging.
[image: Table 3]Assessment of perfusion with ultrasound can be performed with and without a contrast agent. Thompson et al. used MicroFlow imaging Doppler ultrasound for subjective assessment of perfusion. Microflow imaging is a high resolution ultrasound technique that allows for mapping of smaller vessels with more accurate flow measurements in these vessels, compared to conventional ultrasound methods [27, 36]. In the same study, Sonovue (Bracco, Milan, Italy) contrast microbubbles were injected for contrast enhanced ultrasound (CEUS) measurements, which could capture the redistribution mechanism of the kidney. Perfusion was investigated in more detail in two liver perfusion studies, where dynamic contrast enhanced ultrasound (DCEUS) was applied with Sonovue contrast microbubbles to generate time intensity curves. Alzaraa et al. used DCEUS and found a delayed and reduced wash-in in poorly perfused areas and flat curves in non-perfused areas, which were identified as ischemic regions by hematoxylin-eosin staining. Izamis et al. used DCEUS to monitor the perfusion, where microbubbles were injected hourly in both the portal vein and the hepatic artery [13]. Blood clots were identified that were not removed by the initial flush, and the gradual removal of these clots was visualised.
Ionizing Radiation Based Imaging Modalities
Only a few ionizing radiation based imaging modalities were found in the included literature (Table 4). Fluoroscopy was performed by Valenzuela et al. in perfused porcine kidney pairs to measure characteristic lengths and angles in the main renal arteries [30]. Pelgrim et al. applied dynamic dual source computed tomography (CT) imaging for blood flow quantification in Langendorff perfused porcine hearts [29]. The mean myocardial blood flow per segment was measured using CT for different stenosis grades of the circumflex artery. A quantitative dynamic CT perfusion analysis could distinguish between ischemic and non-ischemic myocardial segments. A fluorescent microsphere method that is accurate for the quantification of myocardial blood flow was also used and compared to the flow values quantified by CT. While similar trends were visible, the myocardial blood flow was found to be consistently lower when quantified by CT. Bjendelid et al. applied PET for imaging the myocardial status of a perfused porcine heart by monitoring the uptake of injected 18F fluorodeoxyglucose (FDG) [28]. This marker for glucose uptake increased linearly over time and a homogeneous distribution was observed over the myocardium. However, FDG could not be correlated with the metabolic increase expected from dobutamine stimulation.
TABLE 4 | Organ assessment with radiation based imaging modalities.
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Optical modalities have also been reported in the assessment of organs, which are mostly focused on the superficial microcirculation (Table 5). Singh et al. used Laser Doppler Flowmetry (LDF) to measure relative changes in the microcirculation in a small field of view (FOV) (<1 mm2) [31, 37]. LDF showed that the microcirculation improved after reperfusion. Laser speckle contrast imaging (LSCI) is another optical method and allows relative measurement of the microcirculation in a larger FOV compared to LDF. Heeman et al. compared renal blood flows in a porcine model to normalized laser speckle perfusion units (FOV = 14 × 19 cm) [14]. The onset of ischemia was visible using LSCI, whereas the tissue discoloration due to ischemia took some time. LSCI demonstrated a high correlation with side-stream dark-field (SDF) imaging, which can detect subtle changes in the microcirculation on a red blood cell level [38]. Only a moderately correlation between LSCI and the externally measured renal blood flow was found in a flow ramping experiment, due to the redistribution effect of the kidney. For the analysis of human livers for transplantation, hyperspectral imaging is applied to acquire information on tissue oxygenation, perfusion, and haemoglobin and water concentration [12]. The oxygen saturation, tissue haemoglobin level, and microperfusion increased significantly after the start of perfusion. Livers that were transplanted, according to guidelines for e.g., lactate levels and pH, showed an enhanced microperfusion, measured by the near-infrared perfusion index. Especially the near-infrared perfusion index and the relative distribution of water in the tissue (TWI) show a good correlation with the conventional biomarkers, lactate, and pH respectively.
TABLE 5 | Organ assessment with optical imaging.
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A wide variety of imaging modalities have been found in the reviewed literature. Depending on the goal of the viability assessment, several imaging modalities and methods could be considered. The most comprehensive investigation of organ condition can be conducted with magnetic resonance imaging (MRI), which offers a vast range of specific methods for analysis of morphology, perfusion, heart function, and metabolism. The main downsides of MRI are its costs and availability, which is especially problematic in clinical practice for monitoring organs for extended duration. Ultrasound imaging can also be used for analysis of morphology, perfusion, and heart function, where especially the introduction of contrast microbubbles showed promising results for the analysis of perfusion. While ultrasound is a relatively inexpensive imaging option that is more widely available, full organ assessment is limited both by the field of view as well as the reduced anatomical information that ultrasound can provide compared to MRI. Ionizing radiation-based techniques showed that perfusion analysis can only be performed qualitatively, where the reported method for metabolic assessment was limited in the ex-vivo setting. The optical based modalities showed promising results for the analysis of both perfusion and metabolism, although these are limited by the penetration depth.
Lesion Detection
For the detection of lesions, multiple MRI sequences have been reported in the included literature. Next to the more conventional T1 and T2 weighted imaging, late gadolinium enhanced (LGE) imaging with contrast gadolinium was also applied, which could identify lesions missed by native T1-weighted imaging [23]. Multiple studies have shown that LGE is a suitable method for the detection of cardiac lesions, like cardiomyopathies, ischemic heart disease, and fibrosis [39, 40]. However, LGE is limited for diseases that are spread out over the heart, like diffuse fibrosis [41].
While no lesions were detected with ultrasound in the included studies, the imaging modality has shown its capability to detect lesions of specific nature, like cystic structures [42]. Moreover, the introduction of contrast microbubbles with contrast enhanced ultrasound (CEUS) has shown that benign and malignant lesions can be identified and distinguished [43].
Contrary to the findings in this review, multiple in vivo studies have shown that computed tomography (CT) has a high sensitivity for lesion detection [42]. MRI and CT have shown comparable overall sensitivity for lesion detection, with specific strengths for each modality (e.g., CT for calcified lesions and MRI for tumours smaller than 20 mm in diameter) [44, 45]. While ultrasound is more widely available, it is often only used for initial screening for lesions, due to a relatively lower sensitivity for lesion detection compared to MRI and CT.
Perfusion Analysis
Dynamic contrast enhanced (DCE) MRI is the most used method for the perfusion analysis with MRI in the reviewed literature, which showed adequate perfusion in all studies. DCE MRI is mostly used with gadolinium contrast, but manganese is another contrast option that is mostly used in the assessment of hearts. However, several studies have also addressed a downside of manganese contrast, which is induced cardiovascular dysfunction [46, 47]. MRI ASL is a non-invasive alternative to the invasive DCE MRI, showing a moderate to high correlation in a comparison study [48]. Interestingly, the non-invasive diffusion-weighted MRI, which is widely used in clinic for the detection of brain ischemia and tumours, did not translate to the ex-vivo situation in a study by Liu et al., although this pilot study based this conclusion on only one blood-perfused liver [20, 34].
For the perfusion analysis of organs, CEUS was mostly used to monitor the tissue perfusion over the duration of the experiment. While the method shows that small details like the removal of blood clots after reperfusion and the onset of ischemia can be mapped, the method does require contrast microbubble injections for each measurement. Micro-flow imaging is an alternative ultrasound method that does not require contrast enhancement. This method shows a higher sensitivity to detecting the vascularity of hepatocellular carcinoma compared to other non-contrast enhanced ultrasound methods, albeit lower than the sensitivity found with CEUS [49].
Perfusion was analysed with CT in one included study, which also indicated that perfusion analysis can only be done qualitatively as CT underestimated the myocardial blood flow [29]. Other studies do describe the quantitative evaluation of tissue perfusion with perfusion CT, which is for example, used in the diagnosis of abdominal cancer [50].
Superficial perfusion can be analysed in great detail by optical modalities like side-stream dark field (SDF) imaging and laser doppler flowmetry (LDF), although these modalities are very limited by their field of view for the analysis of entire organs. Laser speckle imaging and hyperspectral imaging could both analyse the microcirculation of perfused organs on a larger scale, which were also good indicators for transplantation outcomes as described by Fodor et al. [12].
Metabolic Analysis
In the metabolic assessment of organs, T2*-weighted imaging can be used to measure the tissue oxygenation. The T2* signal changed significantly when the oxygen supply to a perfused kidney was interrupted, although the authors mention that this method cannot be used to quantify organ dysfunction at this moment [10]. The method is used in vivo in the metabolic analysis of transplanted kidneys, specifically for the detection of early allograft dysfunction [51]. A metabolic analysis of perfused hearts was performed with 31P MR spectroscopy, which showed comparable values to in vivo studies for healthy hearts. Hyperpolarized spectroscopy and spectral spatial (SPSP) imaging provided insight into the metabolic distribution over perfused organs, however, the high lactate values that were found in all three studies compared to in vivo results from literature suggest results should be interpreted with caution. Considering the hypotheses that Mariager et al. describe in both the heart perfusion and the kidney perfusion studies, the technique requires ex-vivo validation to develop it as a biomarker in this setting.
The metabolic analysis with 18F fluorodeoxyglucose (FDG) positron emission tomography (PET) imaging did not correlate with the expected metabolic increase that was induced in perfused hearts [28]. A large retrospective study by Sprinz et al. analysed FDG uptake in the liver, lungs and brain, where only in the brain FDG was a significant marker for glucose uptake [52].
Hyperspectral imaging showed its ability to assess human liver condition prior to transplantation in a proof-ofconcept study [12]. However, the superficial relative blood oxygenation StO2 could not discriminate between transplanted and non-transplanted livers, whereas the near-infrared perfusion index and the relative distribution of water over the organ could be used to this end.
Functional (Cardiac) Analysis
Cine cardiac imaging was used for the functional assessment of both Langendorff-perfused hearts, as well as hearts in working mode. Results showed that a complete replication of all parameters of the in vivo situation is difficult. Both included studies that performed the functional assessment found a decreased left ventricular ejection fraction and aortic flow compared to in vivo data with cardiac MRI. However, for the functional assessment of hearts, studies have indicated that this might be sufficient as only specific parameters are important in the functional assessment of hearts for e.g., transplantation outcomes [26, 53].
Echocardiography could not be used to predict post-transplant outcomes [26]. In this study as well, the ex-vivo working heart setting was difficult to replicate and the poor echocardiography post-transplant outcome correlation was ascribed to the evaluation method where only a steady pre-load was used in the assessment.
Clinical Implementation
This review has shown that several medical imaging derived parameters correlate with established biomarkers, while also providing detailed and locoregional information on the condition of organs that current biomarkers cannot provide. However, several adaptations are required for clinical implementation of medical imaging based organ assessment, particularly for pre-transplant organ assessment.
The most comprehensive analysis of organ condition is provided by MRI, where several methods provided detailed feedback on the condition of the entire perfused organ. However, the modality does also require significant adaptions in order to be implemented in the current workflow. Firstly, the Faraday cage limits placement of the machine perfusion system to the control room. For perfusion of an organ in the MRI, special MRI-compatible organ chambers should be used, as well as elongated tubing to connect the organ across the Faraday cage. The latter has a severe impact on the heat loss through the tubing and the damping of flow pulsatility over the tubing, requiring major adaptions to the workflow. Secondly, usage of the MRI prior to transplantation may not be feasible in all institutions. While studies have shown that machine perfusion can preserve a heart for over 10 h for successful transplantation [54], this timeframe together with the limited availability and priorities within MRI scheduling might impede the adoption of MRI for organ assessment.
Ultrasound is a more flexible alternative concerning costs, availability and repeated measurements over the preservation time, where especially contrast microbubbles offer detailed perfusion information. Contrast microbubbles have shown an excellent safety profile in patients [55], and the ex-vivo machine perfusion setting also facilitates non-invasive administration of microbubbles. Nevertheless, ultrasound is a 2D modality that in general provides less information than 3D MRI. To enhance ultrasound assessment, protocols should be devised for the assessment of entire organs. Alternatively, 3D ultrasound might be an option for such an assessment, although accurate real-time image reconstruction remains challenging [56].
The optical imaging method hyperspectral imaging could be a suitable option for organ assessment, where the study by Fodor et al. found that hyperspectral imaging derived parameters aligned with viability markers commonly used during liver normothermic perfusion [57]. The contactless method can offer real-time information on both perfusion and the metabolic state of the organ, and permanent integration with the perfusion setup is the most straightforward compared to the other modalities. The main limitation of optical based organ assessment is the penetration depth, which limits the extent of organ assessment to the surface. Moreover, lesions are poorly detected by optical modalities, where a combination with ultrasound might be a solution.
Limitations
In this review, the imaging methods and modalities were grouped and compared on several functionalities, e.g., perfusion analysis and lesions detection. A large variation in these studies was found for the used perfusion system characteristics and parameters, where standardization is necessary. The heterogeneity of the studies complicates the comparison of the imaging methods and results, requiring cautious interpretation.
Conclusion
Magnetic resonance imaging (MRI) offers a wide range of methods for accurate assessment of organ condition, where especially functional MRI offers unique insights. Ultrasound is a more flexible alternative that becomes especially significant with the introduction of contrast microbubbles. The results for computed tomography (CT) and other ionizing radiation based imaging modalities are limited for ex-vivo machine perfused organs, however, literature does show its potential in the organ condition assessment. While optical modalities are slightly more experimental compared to the other modalities, analysis of the superficial microperfusion has shown to be a quick and good method to assess organ condition. Although a detailed overview of the different imaging methods for organ condition analysis could be given, results were not conclusive on the suitability of medical imaging features as biomarkers to report on organ condition.
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