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A tomographic microscopy-compatible Langendorff system for the dynamic structural characterization of the cardiac cycle
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Introduction: Cardiac architecture has been extensively investigated ex vivo using a broad spectrum of imaging techniques. Nevertheless, the heart is a dynamic system and the structural mechanisms governing the cardiac cycle can only be unveiled when investigating it as such.

Methods: This work presents the customization of an isolated, perfused heart system compatible with synchrotron-based X-ray phase contrast imaging (X-PCI).

Results: Thanks to the capabilities of the developed setup, it was possible to visualize a beating isolated, perfused rat heart for the very first time in 4D at an unprecedented 2.75 μm pixel size (10.6 μm spatial resolution), and 1 ms temporal resolution.

Discussion: The customized setup allows high-spatial resolution studies of heart architecture along the cardiac cycle and has thus the potential to serve as a tool for the characterization of the structural dynamics of the heart, including the effects of drugs and other substances able to modify the cardiac cycle.
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1. Introduction

The cardiomyocytes are the contractile cellular units of the myocardium. Within a surrounding fibrous matrix, they aggregate into a complex three-dimensional (3D) mesh with predominant orientations. However, there is still controversy on the exact mode in which individual cardiomyocytes are arranged in 3D. The cardiomyocytes' aggregation and orientation within the ventricular walls determines the propagation of electrical excitation and the force generated by the heart. Therefore, a detailed description is required to achieve a complete understanding of the cardiac cycle and the alterations caused by cardiac remodeling (1, 2). In this context, high resolution four-dimensional (4D) imaging techniques are paramount to assess the structural dynamics of the heart and investigate how cardiomyocyte orientation evolves along the cardiac cycle.

Cardiac architecture has been investigated ex vivo using a wide range of imaging techniques, including ultrasound, several optical microscopy techniques, magnetic resonance (MRI) and X-ray imaging (i.e., micro-CT and synchrotron-based X-PCI) (3). However, to study the heart as a dynamic system, in vitro (based on isolated heart perfusion) and in vivo studies are necessary.

In vitro preparations are based on so-called isolated, perfused heart systems. These consist of a series of pumps, tubing and glassware that keep hearts beating outside the donor thanks to the use of specific perfusate, temperature, and oxygenation conditions. Within these systems, Langendorff preparations are based on aortic retrograde perfusion, in which the aortic valve is kept shut, directing the perfusate into the coronary vasculature (4–6).

Among the mentioned imaging techniques, ultrasound and MRI have already been used to investigate how the cardiomyocyte orientation changes along the cardiac cycle. Ultrasound-based techniques, such as shear wave and 3D back-scatter tensor imaging, have been applied in in vitro and in vivo adult mammals (7, 8). These techniques are cheap and have very high temporal resolution, but lack the spatial resolution to assess cardiomyocyte arrangement at cellular scale. MRI, and more specifically diffusion tensor imaging (DTI) and [image: image] imaging, has been also applied in vitro in isolated, perfused rat hearts (9–15), in rabbit hearts (16, 17) and in vivo in pig and human studies (18–31). While allowing whole heart field of views, both spatial and temporal resolution are insufficient to describe the cardiac cycle in detail at the cardiomyocyte-level. Additionally, these techniques often require heart fixation and/or the use of gadolinium-based contrast agents.

On the other hand, synchrotron-based X-PCI has been widely used in the last years for the ex vivo study of heart architecture. Grating interferometry (GI) and propagation-based (PB) have been the main X-PCI techniques used. GI has been applied to mice (32), fetal and neonatal human hearts (33–35), while PB X-PCI has been widely used in healthy and pathological cases of rodents (36–39), fetal human hearts (40) and pieces or whole adult human hearts (41–47). While GI allows to obtain three different types of images at once (absorption, differential phase contrast and dark-field), PB X-PCI can achieve higher resolution and faster scans without the use of gratings. These ex vivo studies, together with the combined ultra-fast and high resolution capabilities that this technique has shown in other fields (48–50), prove PB X-PCI to be a very powerful candidate for the time-resolved 3D investigation of heart architecture.

This manuscript presents a proof-of-concept of a novel methodology for the study of heart architecture dynamics in rat models by combining PB X-PCI and a customized Langendorff system. The presented developments allowed to dynamically image beating hearts in 4D at an unprecedented 2.75 μm pixel size (10.6 μm spatial resolution) and 1 ms temporal resolution. Therefore, the presented methodology is able to characterize the structural mechanisms responsible for the cardiac cycle, including the consequences of remodeling diseases and the effect of clinically-relevant drugs.



2. Materials and methods


2.1. X-ray tomographic microscopy-compatible Langendorff system

To achieve in vitro beating heart imaging, a Radnoti Rat Working Heart Apparatus was customized to fulfill the requirements of a synchrotron-based tomographic microscopy-compatible Langendorff setup. As illustrated in Figure 1 and listed in Table 1, the Langendorff system consists of a perfusate reservoir with an oxygenation line, a compliance chamber, connecting tubing and two pumps for the buffer solution and circulating water bath. The chambers and most tubing are double-walled, so that both the perfusate and the water bath can circulate. The difference in height between the compliance chamber and the aortic valve sets the pressure at which the perfusate will enter the coronary circulation (60 mmHg/~90 cm water column). To make the system compatible with tomography, a dedicated sample stage and aquarium were designed.


[image: Figure 1]
FIGURE 1
 (A) X-ray tomographic microscopy-compatible Langendorff system at the TOMCAT beamline. (1) PowerLab data acquisition hardware. (2) Circulating water bath to keep the circuit at ~37°C. (3) 95% O2/5% CO2 gas bottle for perfusate oxygenation. (4) Perfusate reservoir. (5) Peristaltic pump circulating the perfusate up to the compliance chamber. (6) Compliance chamber. The height difference with the aorta determines the perfusion pressure (60 mmHg/~90 cm water column). (B) Close-up of the custom stage tower. (7) Rotary union system to ensure that the heart can be rotated without entangling tubes and wires. (8) Motor stage. (9) Modular sample holder, where the heart is attached at the ends of metallic aortic and left atrial cannulae. (10) Aquarium to keep the heart warm and collect the perfusate. (C) TOMCAT ultra-fast end-station. (11) High-numerical aperture 4x macroscope (53). (12) GigaFRoST detector (54). (D) Simplified sketch of the system components shown in (A, B).



TABLE 1 Description and function of the hardware components of the tomographic microscopy-compatible Langendorff system, labeled with respect to Figure 1.

[image: Table 1]

The sample stage consists of a Micos UPR 160-AIR (PI miCos, Eschbach, Germany) rotation motor with two perpendicular linear motors, which are placed top-bottom, so that hearts can hang from them. In addition, a Moflon MQR4-S12(N2325) (Moflon Technology, Sha Jing, China) multi-channel rotary union for liquid and electricity allows continuous delivery of the buffer solution to the heart without entangling the tubing during rotation. Electrical feed-through is also necessary to connect electrodes for electrocardiogram (ECG) measurements. The rotary union has its own heating system to avoid temperature loss. From the stage, modular in-house 3D-printed sample holders keep the metallic cannulae in position to bring the perfusate to the heart and hold it stable. Custom aortic and left atrial cannulae were metal by design in order to optimize their shape and be able to transmit electrical signal to the ECG electrodes, without damaging the heart.

The customized aquarium is an aluminum structure with kapton foil walls, which have negligible X-ray absorption. The aquarium is then filled with perfusate right until the level of the apex. This helps to preserve the tissue temperature and absorb the perfusate drops falling from the heart, thus reducing related heart motion.

Finally, a PowerLab 8/35 (AD Instruments Ltd) equipped with LabChart Pro 8 was used to measure the ECG signal of the heart, the exposure signal of the detector and the angular feedback of the rotation motor. Angular feedback was obtained by recording the sin/cos signals from the motor controller, as described by for multiscale imaging of human pancreatic tissue by Frohn et al. (51).



2.2. Langendorff preparation and perfusion protocol

Animal care and experimentation followed the European Convention for Animal Care and was approved by the Swiss Animal Welfare Authorities (Authorization number 75737/32784).

Wistar rats (3 males and 3 females, 12 weeks old) were obtained from Janvier Labs (France). The rats were housed and maintained at 22oC with a 12-h day/night cycle. Food and water were administered ad libitum.

The animals were anesthetized via intraperitoneal injection with a mixture of 125 mg/kg ketamine and 12.5 mg/kg xylazine, and provided with 100% medical oxygen via nose cone. Once loss of the pedal withdrawal reflex was verified, a rapid laparotomy and thoracotomy were performed. The heart was then removed from the chest cavity and placed in ice-cold physiologic buffer. The isolated, perfused preparation was then established by cannulating the aorta and left atrium. Even if the latter is not required for a Langendorff preparation, it was used for stabilization of the heart during tomographic measurements.

Perfusion was achieved with a modified Krebs-Henseleit solution (in [mM]: NaCl 118.0, KCl 4.7, KH2PO4 1.2, CaCl2·2H2O 1.5, MgSO4·7H2O 1.2, Glucose 11.0, and NaHCO3 25.0). The hearts started beating spontaneously. Their function was monitored until stabilization through ECG measurement, which was achieved by attaching one electrode to each cannula.



2.3. Image acquisition

The synchrotron-based X-ray tomography campaign was performed at the TOMCAT beamline of the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) (52). A PB X-PCI setup combined with the TOMCAT ultra-fast end-station was used to capture the dynamics of the cardiac architecture. As summarized in Table 2, a monochromatic X-ray beam at 21.9 keV energy and 220 cm propagation distance (sample-detector distance) were chosen. X-rays were converted to visible light by a LuAG:Ce 150 μm scintillator, magnified by a 4x high-numerical aperture macroscope (53) and recorded by the GigaFRoST detector (54). A total of 160,000 projections (1 ms exposure time, 2.75 μm voxel size, 5.54 x 2.75 mm2 field of view) were thus continuously acquired in continuous rotation over 720o. Assuming a constant cardiac cycle duration of 200 ms and considering the 1 ms exposure applied, 160,000 projections would then lead to a maximum of 800 projections per time-point within the heartbeat (a total of 800 heartbeats would occur during 160 s).


TABLE 2 Experimental dynamic acquisition parameters at the TOMCAT beamline.

[image: Table 2]

While conventional tomography is commonly achieved with 180o of rotation, a wider angular range was included to ensure a uniform angular distribution and compensate for potential cardiac dysfunction over time. In other words, if hearts start to lose contractility due to ischemia or radiation damage during a 180o measurement, only a fraction of the projections (concentrated in a fraction of 180o) would be useful for reconstruction, thus leading to a very skewed angular distribution and the impossibility to achieve a successful tomogram.



2.4. Retrospective gating and image reconstruction

Retrospective gating (see sketch in Figure 2 was achieved by detecting the ECG feature corresponding to ventricular contraction and using it as a reference time-point to gate the time-series with a time resolution of 1 ms.


[image: Figure 2]
FIGURE 2
 Sketch of the retrospective gating procedure. In dynamic scans, 160,000 projections (1 ms exposure) were acquired over 720o of continuous rotation. The ECG of the beating heart was recorded by the PowerLab through an Animal BioAmp. Simultaneously, the exposure signal from the detector was sent through a pulse shaper to the PowerLab. For the retrospective gating, (1) the feature corresponding to the start of the contraction was detected in the ECG. (2) Then, all the corresponding projections acquired at that specific time-point were identified. To identify the projections in the rest of time-points, 1 ms offsets were applied until the time-series were completed. (3) With all projections assigned to each time-point, the data was gated and all individual datasets for every time-point were created. (4) All datasets were corrected using dynamic flat-field correction and (5) reconstructed to obtain the 3D volumes for every time-point in the heartbeat.


First, the detector exposure signal was used to select which exact ECG data points corresponded to each of the acquired projections. Then, by direct visual comparison of the ECG data points with their projections, the ECG feature indicating the start of ventricular contraction was found.

To detect this specific feature for every single heartbeat throughout the entire ECG, a single heartbeat signal was cross-correlated with the whole ECG. This allowed to detect the position of every heartbeat for independent processing. Then, within each heartbeat, the largest negative peak (corresponding to ventricular contraction) was detected.

Once this time-point was detected, it was used as the reference to calculate 190 additional time-points (1 ms each) by applying fixed time-offsets in each beat cycle. This was done under the assumption that ventricular contractions are reproducible in space and time. This is a demanding requirement at such high spatial and temporal resolutions and will affect the reconstruction quality when not holding true, as later discussed. In terms of heart physiology, this assumption should be correct unless contractility changes are induced by drugs or radiation damage.

Finally, all projection numbers with their corresponding time-bin number and acquisition angle were saved in a retrospective gating file, which was used as input to a script that generated every time-point dataset.

Due to the short exposure times and the use of a multilayer monochromator, the acquired projections were able to capture changes in beam uniformity, thus invalidating conventional flat-field correction based on the average of all flat-fields. To overcome this problem, a dynamic flat-field correction algorithm based on principal component analysis of the recorded flat-fields was applied to every dataset. In doing so, every individual projection was thus corrected with the most appropriate combination of eigen-flat-fields, as thoroughly detailed by Van Nieuwenhove et al. (55).

Phase information was retrieved applying the Paganin single-distance phase-retrieval algorithm (56). The δ/β ratio was finely tuned to a value of 200 from visual inspection of the reconstructions. Reconstructions were achieved by using the GridRec algorithm (57).

In order to investigate heartbeat reproducibility and the reduction on heart function over time, a window reconstruction method was applied. Reconstructions over 180o were computed with 20o steps from 0 to 360o, thus allowing observation of structural changes happening already during the first half of the scan. As a result, it was decided to keep dynamic reconstructions to the first 180o.

Spatial resolution was calculated using a Fourier analysis-based criterion (58) previously used in other phase contrast tomography studies (59, 60). Line profiles of all rows and columns for each image were obtained and their mean power spectral density was calculated. The power spectral density converges to the noise baseline, which can be converted to the corresponding spatial frequency, and thus to spatial resolution. These calculations lead to a spatial resolution of 3.86 pixels, or 10.6 μm. This is due to smoothing from optical components, low signal-to-noise ratio, image artifacts and phase reconstruction, among others (53, 58, 59).

Data visualization was achieved with the open-source software ImageJ (61), while retrospective gating and generation of time-series datasets was performed using in-house scripts in Python 3.4 and Matlab 2018a.




3. Results

In this proof-of-concept experiment, we used 6 rats with the goal to learn the possibilities offered by the setup and find potential technical challenges to be considered. Out of these, 1 female rat was successfully imaged, for which the corresponding results are presented in this section. The rest of rats allowed to improve the stability of the setup, optimize the acquisition scheme and understand the response of heart function to synchrotron radiation. A summary of technical recommendations can be found in Table 3.


TABLE 3 Summary of experimental considerations and corresponding recommendations.

[image: Table 3]

An illustrative time-series of the successfully imaged female heart is shown in Figure 3, Supplementary Video 1, using as reference time-point the start of the contraction (0 ms). This specific slice shows the region where the left ventricle, the septum and the right ventricle meet together. By following the marked structure (*, right ventricular trabeculation) through time, it can be noted how the right ventricular cavity is in a relaxed position during the negative time points (–30 and –15 ms). Then, systole starts at time 0 ms and ventricular contraction can be observed by the collapse of the cavity and the displacement of the heart, which was freely hanging in the air. As time evolves, the heart returns to its initial position and the cavity slowly opens again until the initial relaxation state. Figure 4, Supplementary Video 2 show two different resliced versions of the same time-series. In addition, Supplementary Video 3 presents sliding orthogonal views of a single time-point to demonstrate the 3D nature of the data.


[image: Figure 3]
FIGURE 3
 Time-series of an illustrative slice showing the region where left ventricular wall (LV), septum (S) and right ventricular wall (RV) join. Time is indicated using the start of the contraction as reference (0 ms). An ECG signal corresponding to a full heartbeat is included in every slice. The green dot on the ECG indicates the start of the contraction (reference time-point), while the advancing red dot corresponds to the exact reconstruction location. A right ventricular trabeculation has been marked (*) to clearly follow myocardial contraction and relaxation over time. Yellow arrows point at coronary vasculature, while red arrows point at cardiomyocyte aggregates. The bottom right image shows a sketch of the presented heart region. Scale bar is 1 mm.



[image: Figure 4]
FIGURE 4
 Time-series of an illustrative reslice (see bottom right, yellow line) from the scanned region including part of the left ventricular chamber (LV), septum (S) and right ventricular wall (RV). Time is indicated using the start of the contraction as reference (0 ms). An ECG signal corresponding to a full heartbeat is included in every slice. The green dot on the ECG indicates the start of the contraction (reference time-point), while the advancing red dot corresponds to the exact reconstruction location. Scale bar is 1 mm.


The data presented in Figures 3, 4 was obtained using the projections acquired only during the first 180o, which were a total of 199 angular projections per time-point. This number comes from the fact that 199 heartbeats occurred during the first 180o. Such restriction was decided after observing data quality degradation over time as larger angular ranges were allowed. In this context, a window reconstruction method was applied to identify the sources of diminishing data quality.

Figure 5 shows the changes of a representative slice as the allowed reconstruction angles were varied. Each reconstruction corresponds to an angular range of 180o but the starting angle is shifted by 20o in every iteration. The arrows mark illustrative myocardial structures that change over time, thus indicating changes in cardiac function and/or structure over time. The largest changes can be observed during the last three reconstructions (marked by *). These are most probably caused by the sliding and dripping of perfusate over the heart surface or a change in heart motion due to degradation. Since the observed changes are mainly progressive and slow, they are indicative of either ischemia (tissue shrinkage) and/or progressive dysfunction. These are probably caused by a combination of radiation damage, which leads to ischemia due to DNA damage and formation of radicals, local temperature increase, and from the in vitro preparation itself, which is not completely physiological.


[image: Figure 5]
FIGURE 5
 Series of representative window-reconstructed slices from 0–180o to 180–360o in 20o steps. Black and white arrows indicate example structures progressively changing over time, thus indicating function and/or tissue degradation. The star marks a large variation on the heart surface, probably due to sliding perfusate. Scale bar is 1 mm.


In Figures 3, 5, Supplementary Videos 1, 3 central ring artifacts can be observed. These are typical from micro-CT measurements and can arise during flat and dark field correction, commonly from dirt particles in the scintillator or malfunctioning pixels, among other reasons. While ring removal could help eliminate these artifacts, they often cause (over)smoothing of the data, especially when trying to eliminate very sharp rings, which we wanted to avoid in the presented datasets.



4. Discussion

This manuscript presents the successful customization of an isolated, perfused heart system to allow in vitro synchrotron-based phase contrast tomographic experiments. The developed Langendorff setup has allowed dynamic imaging of a beating rat heart. This is a unique setup worldwide and, even if it has been specifically designed for the TOMCAT beamline, the same hardware customization principles and retrospective-gating technique could be applied at any other beamline or laboratory setup wishing to perform similar tomographic experiments.

Dynamic recordings of the beating heart were achieved at 2.75 μm pixel size (10.6 μm spatial resolution) and 1 ms temporal resolution, which is an unprecedented level of detail in this kind of heart measurements (3, 13–15). Reconstructions were obtained through retrospective gating using the ECG signal as reference. Illustrative time-series are presented in Figures 3, 4, Supplementary Videos 1, 2. While the motion observed is a combination of contraction and heart swinging from the cannulae, a clear wall thickening and contraction of the right ventricle can be observed in the data. The contraction process is observed to occur very rapidly within 20 ms after ventricular electrical activation, while full relaxation is slow and takes up to ~150 ms. All trials to reduce heart swinging were abandoned, since heart function was shown compromised due to the mechanosensitivity of the heart.

Due to the complexity of the experiment and the local field of view, dynamic data was currently limited to the qualitative observation of cardiomyocyte aggregates and larger cardiac structures, such as right ventricular trabeculation, cardiac wall and large vasculature. While the voxel size is 2.75 μm, the computed spatial resolution was 10.6 μm due to blurring and artifacts (e.g., low amount of projections). The challenge of the experiment lies in the efficient detection of X-rays while keeping the lowest exposure time possible, due to the rapid motion of the heart and cardiac function degradation over time. In this context, the developed setup included the available state-of-the-art equipment, such as the ultra-fast TOMCAT end-station (54) and high-numerical aperture 4x macroscope (53). This configuration allowed an exposure time as low as 1 ms. This means, therefore, that any movement larger than 1 pixel within 1 ms (2.75 μm/ms) will lead to motion artifacts in the reconstruction, as can be observed mostly during contraction (see Figures 3–5).

Similarly, function degradation leading to changes larger than a pixel will also introduce an artifact in the reconstruction. To tackle this issue, scans were recorded over several rotations with the goal to ensure enough angular sampling. After the experiment, 180o window reconstructions with a step of 20o were compared to assess how reproducible heartbeats were over time (see Figure 5). Seeing that after the first 180o some changes observed in the reconstruction started to appear, it was decided to limit the retrospectively-gated reconstructions to the projections acquired in this initial 180o. This decision dramatically reduced the number of projections available for reconstruction to 199 per tomogram, which in turn reduced image quality and introduced streak artifacts. To compensate for these artifacts, the use of iterative reconstruction algorithms or new acquisitions schemes should be investigated.

Given these physical and (current) technological limitations, a deep quantitative analysis, such as cardiomyocyte orientation, would possibly lead to misleading results. Nevertheless, the dynamically reconstructed data shown in this manuscript are still very promising. In the future, the use of efficient lower magnification microscopes and detectors with faster read-out speed would allow to increase the area of the heart imaged at one time. Even if at the expense of a larger pixel size, this would improve image quality and temporal resolution, while trying to keep dose deposition as low as possible. Moreover, the addition of heart function sensors for e.g., coronary flow or LV cavitiy volume, would allow for a deeper understanding of heart behavior during measurements.

By approximating rat hearts as cylinders of skeletal muscle with 15 mm diameter and following the dose calculations described in other biomedical applications of synchrotron radiation (59, 62, 63), the dynamic acquisitions presented in this manuscript have been estimated to lead to total absorbed dose of ~18 kGy per scan (for the first 180o tomography, ~4.5 kGy), which are typical values in synchrotron-based X-PCI (59, 64). Dose distribution is specially important for tomographic scans with reduced field of view in comparison with the total volume of the sample.

With the mentioned improvements, the dynamic data could be used to determine whether cardiomyocytes are organized in so called sheets and whether these slide on each other during the cardiac cycle (65). This is nowadays one of the main hypothesis that could describe the mechanics of the heartbeat and partially explain how the myocardium is able to thicken in a range of 28–50% during contraction, while individual cardiomyocytes can only thicken by ~8% (12, 66–69). Therefore, further developments of this setup have the potential to answer one of the main current questions in the field of cardiac anatomy and biomechanics.

Furthermore, the implementation of this setup opens the possibility to use cardiac remodeling models or even create them in situ, so that their very acute responses could be assessed. For instance, an ischemic model could be easily achieved by ligating the left anterior descendant artery while the heart is mounted, which is a commonly investigated animal model of cardiac infarct (37, 39, 70).

On top of that, the versatility of the setup allows to modify the perfusion solution given to the heart to change its behavior in a controlled manner. In that sense, cardioplegic arrest studies would be possible by using elevated K+ (diastolic arrest) or Na+-free Li+ Tyrode (systolic arrest) solutions (13, 14). In addition, iodine-based contrast agents could be added to the perfusate to investigate vascular behavior in real-time. Finally, specific drugs modifying heart contractility or causing vascular dilation-contraction could be easily investigated using this setup.

One of the main constraints of synchrotron experiments is the limited availability and duration of time slots. In the presented methodology, the bulk of the time is dedicated to the installation of the Langendorff system (~6 h), its synchronization with the beamline (~2 h) and stabilization of the perfusate temperature to the targeted ~37oC (~1 h). The time required for eventual refilling of perfusate is minimized, since it can be pre-warmed and -oxygenated through a parallel circuit while the system runs normally. Once these steps are achieved, the time needed between the application of anesthesia and a stable isolated, perfused heart is around 30 min. Acquisition of projections, flats and darks as applied in this study is well below 10 min. However, future more complex protocols as discussed above could extend the preparation and acquisition times. Therefore, one can assume that 1–2 h of experiment per heart are required, which would potentially allow to perform statistically supported studies.

This manuscript presents the customization of an isolated, perfused heart system compatible with tomographic PB X-PCI experiments at the TOMCAT beamline. The development of this type of setup opens the door to the dynamic study of heart architecture at a quasi-single cardiomyocyte level. This includes not only the study of normal heart structural dynamics, but also the possibility to create ischemic models in situ or to investigate the heart function effects of the administration of certain drugs in the perfusion solution. In the future, further analysis of this type of data could lead to more realistic computational models (71, 72) and a better understanding of the effects of remodeling in cardiac tissue deformation and heart function.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Swiss Animal Welfare Authorities.



Author contributions

HD, PG-C, SL, MS, BB, and AB designed the study. HD, CS, NM-C, MA, SL, and AB designed the experimental setup. HD, NM-C, MA, and SL handled the animals. HD and CS performed image and data processing. HD drafted the manuscript. All authors participated in the imaging experiments, revised, and contributed to the manuscript.



Funding

This project was supported by the Grant No. #2017-303 of the Strategic Focal Area Personalized Health and Related Technologies (PHRT) of the ETH Domain, the Spanish Ministry of Economy and Competitiveness (Grant No. TIN2014-52923-R) and FEDER. Open access funding provided by PSI (Paul Scherrer Institute).



Acknowledgments

The authors thank Rahel Wyss, Selianne Graf, and Manuel Egle for their support during operation of the Langendorff system, and Philipp Zuppiger for his technical support in customizing the presented setup. The authors acknowledge the Paul Scherrer Institute, Villigen, Switzerland for provision of synchrotron radiation beamtime at the TOMCAT beamline X02DA of the SLS.



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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.1023483/full#supplementary-material



References

 1. Anderson RH, Smerup M, Sanchez-Quintana D, Loukas M, Lunkenheimer PP. The three-dimensional arrangement of the myocytes in the ventricular walls. Clin Anatomy. (2009) 22:64–76. doi: 10.1002/ca.20645

 2. Anderson RH, Niederer PF, Sanchez-Quintana D, Stephenson RS, Agger P. How are the cardiomyocytes aggregated together within the walls of the left ventricular cone? J Anat. (2019) 235:697–705. doi: 10.1111/joa.13027

 3. Dejea H, Bonnin A, Cook A, Garcia-Canadilla P. Cardiac multi-scale investigation of the right and left ventricle ex-vivo: a review. Cardiovasc Diagn Ther. (2020) 10:1701–17. doi: 10.21037/cdt-20-269

 4. Sutherland FJ, Hearse DJ. The isolated blood and perfusion fluid perfused heart. Pharmacol Res. (2000) 41:613–27. doi: 10.1006/phrs.1999.0653

 5. Skrzypiec-Spring M, Grotthus B, Szelag A, Schulz R. Isolated heart perfusion according to Langendorff–still viable in the new millennium. J Pharmacol Toxicol Methods. (2007) 55:113–26. doi: 10.1016/j.vascn.2006.05.006

 6. Méndez-Carmona N, Wyss RK, Arnold M, Joachimbauer A, Segiser A, Fiedler GM, et al. Differential effects of ischemia/reperfusion on endothelial function and contractility in donation after circulatory death. J Heart Lung Transplant. (2019) 38:767–77. doi: 10.1016/j.healun.2019.03.004

 7. Lee WN, Pernot M, Couade M, Messas E, Bruneval P, Bel A, et al. Mapping myocardial fiber orientation using echocardiography-based shear wave imaging. IEEE Trans Med Imaging. (2011) 31:554–62. doi: 10.1109/TMI.2011.2172690

 8. Papadacci C, Finel V, Provost J, Villemain O, Bruneval P, Gennisson JL, et al. Imaging the dynamics of cardiac fiber orientation in vivo using 3D ultrasound backscatter tensor imaging. Sci Rep. (2017) 7:1–9. doi: 10.1038/s41598-017-00946-7

 9. Hsu EW, Buckley DL, Bui JD, Blackband SJ, Forder JR. Two-component diffusion tensor MRI of isolated perfused hearts. Magn Reson Med. (2001) 45:1039–45. doi: 10.1002/mrm.1138

 10. Köhler S, Hiller KH, Waller C, Bauer WR, Haase A, Jakob PM. Investigation of the microstructure of the isolated rat heart: A comparison between T* 2-and diffusion-weighted MRI. Magn Reson Med. (2003) 50:1144–50. doi: 10.1002/mrm.10636

 11. Köhler S, Hiller KH, Waller C, Jakob PM, Bauer WR, Haase A. Visualization of myocardial microstructure using high-resolution T imaging at high magnetic field. Magn Reson Med. (2003) 49:371–5. doi: 10.1002/mrm.10346

 12. Chen J, Liu W, Zhang H, Lacy L, Yang X, Song SK, et al. Regional ventricular wall thickening reflects changes in cardiac fiber and sheet structure during contraction: quantification with diffusion tensor MRI. Am J Physiol Heart Circ Physiol. (2005) 289:H1898–907. doi: 10.1152/ajpheart.00041.2005

 13. Hales PW, Schneider JE, Burton RA, Wright BJ, Bollensdorff C, Kohl P. Histo-anatomical structure of the living isolated rat heart in two contraction states assessed by diffusion tensor MRI. Prog Biophys Mol Biol. (2012) 110:319–30. doi: 10.1016/j.pbiomolbio.2012.07.014

 14. Gilbert SH, Benoist D, Benson AP, White E, Tanner SF, Holden AV, et al. Visualization and quantification of whole rat heart laminar structure using high-spatial resolution contrast-enhanced MRI. Am J Physiol Heart Circ Physiol. (2012) 302:H287–98. doi: 10.1152/ajpheart.00824.2011

 15. Lohezic M, Teh I, Bollensdorff C, Peyronnet R, Hales PW, Grau V, et al. Interrogation of living myocardium in multiple static deformation states with diffusion tensor and diffusion spectrum imaging. Prog Biophys Mol Biol. (2014) 115:213–25. doi: 10.1016/j.pbiomolbio.2014.08.002

 16. Burton RA, Plank G, Schneider JE, Grau V, Ahammer H, Keeling SL, et al. Three-dimensional models of individual cardiac histoanatomy: tools and challenges. Ann N Y Acad Sci. (2006) 1080:301–19. doi: 10.1196/annals.1380.023

 17. Bishop MJ, Plank G, Burton RA, Schneider JE, Gavaghan DJ, Grau V, et al. Development of an anatomically detailed MRI-derived rabbit ventricular model and assessment of its impact on simulations of electrophysiological function. Am J Physiol Heart Circ Physiol. (2010) 298:H699-H718. doi: 10.1152/ajpheart.00606.2009

 18. Nielles-Vallespin S, Mekkaoui C, Gatehouse P, Reese TG, Keegan J, Ferreira PF, et al. In vivo diffusion tensor MRI of the human heart: reproducibility of breath-hold and navigator-based approaches. Magn Reson Med. (2013) 70:454–65. doi: 10.1002/mrm.24488

 19. Nielles-Vallespin S, Khalique Z, Ferreira PF, de Silva R, Scott AD, Kilner P, et al. Assessment of myocardial microstructural dynamics by in vivo diffusion tensor cardiac magnetic resonance. J Am Coll Cardiol. (2017) 69:661–76. doi: 10.1016/j.jacc.2016.11.051

 20. Scott AD, Ferreira PF, Nielles-Vallespin S, Gatehouse P, McGill LA, Kilner P, et al. Optimal diffusion weighting for in vivo cardiac diffusion tensor imaging. Magn Reson Med. (2015) 74:420–30. doi: 10.1002/mrm.25418

 21. Ferreira PF, Kilner PJ, McGill LA, Nielles-Vallespin S, Scott AD, Ho SY, et al. In vivo cardiovascular magnetic resonance diffusion tensor imaging shows evidence of abnormal myocardial laminar orientations and mobility in hypertrophic cardiomyopathy. J Cardiovasc Magn Reson. (2014) 16:87. doi: 10.1186/s12968-014-0087-8

 22. Von Deuster C, Sammut E, Asner L, Nordsletten D, Lamata P, Stoeck CT, et al. Studying dynamic myofiber aggregate reorientation in dilated cardiomyopathy using in vivo magnetic resonance diffusion tensor imaging. Circulation. (2016) 9:e005018. doi: 10.1161/CIRCIMAGING.116.005018

 23. Sharrack N, Das A, Kelly C, Teh I, Stoeck C, Kozerke S, et al. The relationship between myocardial microstructure and strain in chronic infarction using cardiovascular magnetic resonance diffusion tensor imaging and feature tracking. J Cardiovasc Magn Reson. (2022) 24:1–14. doi: 10.1186/s12968-022-00892-y

 24. Stoeck CT, Scott AD, Ferreira PF, Tunnicliffe EM, Teh I, Nielles-Vallespin S, et al. Motion-induced signal loss in in vivo cardiac diffusion-weighted imaging. J Magn Reson Imaging. (2020) 51:319. doi: 10.1002/jmri.26767

 25. Moulin K, Verzhbinsky IA, Maforo NG, Perotti LE, Ennis DB. Probing cardiomyocyte mobility with multi-phase cardiac diffusion tensor MRI. PLoS ONE. (2020) 15:e0241996. doi: 10.1371/journal.pone.0241996

 26. Moulin K, Croisille P, Viallon M, Verzhbinsky IA, Perotti LE, Ennis DB. Myofiber strain in healthy humans using DENSE and cDTI. Magn Reson Med. (2021) 86:277–92. doi: 10.1002/mrm.28724

 27. Lasič S, Szczepankiewicz F, Dall'Armellina E, Das A, Kelly C, Plein S, et al. Motion-compensated b-tensor encoding for in vivo cardiac diffusion-weighted imaging. NMR Biomed. (2020) 33:e4213. doi: 10.1002/nbm.4213

 28. Sosnovik DE, Mekkaoui C, Huang S, Chen HH, Dai G, Stoeck CT, et al. Microstructural impact of ischemia and bone marrow-derived cell therapy revealed with diffusion tensor magnetic resonance imaging tractography of the heart in vivo. Circulation. (2014) 129:1731–41. doi: 10.1161/CIRCULATIONAHA.113.005841

 29. Nguyen C, Fan Z, Sharif B, He Y, Dharmakumar R, Berman DS, et al. In vivo three-dimensional high resolution cardiac diffusion-weighted MRI: a motion compensated diffusion-prepared balanced steady-state free precession approach. Magn Reson Med. (2014) 72:1257–67. doi: 10.1002/mrm.25038

 30. Nguyen CT, Buckberg G, Li D. Magnetic resonance diffusion tensor imaging provides new insights into the microstructural alterations in dilated cardiomyopathy. Circulation. (2016) 9:e005593. doi: 10.1161/CIRCIMAGING.116.005593

 31. Nguyen CT, Christodoulou AG, Coll-Font J, Ma S, Xie Y, Reese TG, et al. Free-breathing diffusion tensor MRI of the whole left ventricle using second-order motion compensation and multitasking respiratory motion correction. Magn Reson Med. (2021) 85:2634–48. doi: 10.1002/mrm.28611

 32. Weitkamp T, Diaz A, David C, Pfeiffer F, Stampanoni M, Cloetens P, et al. X-ray phase imaging with a grating interferometer. Opt Express. (2005) 13:6296–304. doi: 10.1364/OPEX.13.006296

 33. Kaneko Y, Shinohara G, Hoshino M, Morishita H, Morita K, Oshima Y, et al. Intact imaging of human heart structure using x-ray phase-contrast tomography. Pediatr Cardiol. (2017) 38:390–3. doi: 10.1007/s00246-016-1527-z

 34. Tsukube T, Yagi N, Hoshino M, Nakashima Y, Nakagawa K, Okita Y. Impact of synchrotron radiation-based X-ray phase-contrast tomography on understanding various cardiovascular surgical pathologies. Gen Thorac Cardiovasc Surg. (2015) 63:590–2. doi: 10.1007/s11748-015-0565-4

 35. Shinohara G, Morita K, Hoshino M, Ko Y, Tsukube T, Kaneko Y, et al. Three Dimensional visualization of human cardiac conduction tissue in whole heart specimens by high-resolution phase-contrast CT imaging using synchrotron radiation. World J Pediatr Congenital Heart Surgery. (2016) 7:700–5. doi: 10.1177/2150135116675844

 36. Gonzalez-Tendero A, Zhang C, Balicevic V, Cárdenes R, Loncaric S, Butakoff C, et al. Whole heart detailed and quantitative anatomy, myofibre structure and vasculature from X-ray phase-contrast synchrotron radiation-based micro computed tomography. Eur Heart J Cardiovasc Imaging. (2017) 18:732–41. doi: 10.1093/ehjci/jew314

 37. Dejea H, Garcia-Canadilla P, Cook AC, Guasch E, Zamora M, Crispi F, et al. Comprehensive analysis of animal models of cardiovascular disease using multiscale x-ray phase contrast tomography. Sci Rep. (2019) 9:1–12. doi: 10.1038/s41598-019-43407-z

 38. Reichardt M, Frohn J, Khan A, Alves F, Salditt T. Multi-scale X-ray phase-contrast tomography of murine heart tissue. Biomed Opt Express. (2020) 11:2633–51. doi: 10.1364/BOE.386576

 39. Planinc I, Garcia-Canadilla P, Dejea H, Ilic I, Guasch E, Zamora M, et al. Comprehensive assessment of myocardial remodeling in ischemic heart disease by synchrotron propagation based X-ray phase contrast imaging. Sci Rep. (2021) 11:1–13. doi: 10.1038/s41598-021-93054-6

 40. Garcia-Canadilla P, Dejea H, Bonnin A, Balicevic V, Loncaric S, Zhang C, et al. Complex congenital heart disease associated with disordered myocardial architecture in a midtrimester human fetus. Circulation. (2018) 11:e007753. doi: 10.1161/CIRCIMAGING.118.007753

 41. Mirea I, Varray F, Zhu YM, Fanton L, Langer M, Jouk PS, et al. Very high-resolution imaging of post-mortem human cardiac tissue using X-ray phase contrast tomography. In: International Conference on Functional Imaging and Modeling of the Heart. Maastricht: Springer (2015). p. 172–9.

 42. Varray F, Mirea I, Langer M, Peyrin F, Fanton L, Magnin IE. Extraction of the 3D local orientation of myocytes in human cardiac tissue using X-ray phase-contrast micro-tomography and multi-scale analysis. Med Image Anal. (2017) 38:117–32. doi: 10.1016/j.media.2017.02.006

 43. Mirea I, Wang L, Varray F, Zhu YM, Serrano ED, Magnin IE. Statistical analysis of transmural laminar microarchitecture of the human left ventricle. In: 2016 IEEE 13th International Conference on Signal Processing (ICSP). Chengdu: IEEE (2016). p. 53–6.

 44. Wang S, Mirea I, Varray F, Liu WY, Magnin IE. Investigating the 3D Local Myocytes Arrangement in the Human LV Mid-Wall with the transverse angle. In: International Conference on Functional Imaging and Modeling of the Heart. Bordeaux: Springer (2019). p. 208–16.

 45. Loncaric F, Garcia-Canadilla P, Garcia-Alvarez A, Sanchis L, Prat S, Doltra A, et al. Etiology-discriminative multimodal imaging of left ventricular hypertrophy and synchrotron-based assessment of microstructural tissue remodeling. Front Cardiovasc Med Cardiovasc Imaging. (2021) 8:670734. doi: 10.3389/fcvm.2021.670734

 46. Reichardt M, Jensen PM, Dahl VA, Dahl AB, Ackermann M, Shah H, et al. 3D virtual histopathology of cardiac tissue from COVID-19 patients based on phase-contrast X-ray tomography. Elife. (2021) 10:e71359. doi: 10.7554/eLife.71359

 47. Walsh C, Tafforeau P, Wagner W, Jafree D, Bellier A, Werlein C, et al. Imaging intact human organs with local resolution of cellular structures using hierarchical phase-contrast tomography. Nat Methods. (2021) 18:1532–41. doi: 10.1038/s41592-021-01317-x

 48. Lovric G, Mokso R, Schlepütz CM, Stampanoni M. A multi-purpose imaging endstation for high-resolution micrometer-scaled sub-second tomography. Phys Med. (2016) 32:1771–8. doi: 10.1016/j.ejmp.2016.08.012

 49. García-Moreno F, Kamm PH, Neu TR, Bülk F, Mokso R, Schlepütz CM, et al. Using X-ray tomoscopy to explore the dynamics of foaming metal. Nat Commun. (2019) 10:1–9. doi: 10.1038/s41467-019-11521-1

 50. Marone F, Schlepütz CM, Marti S, Fusseis F, Velásquez-Parra A, Griffa M, et al. Time resolved in situ X-ray tomographic microscopy unraveling dynamic processes in geologic systems. Front Earth Sci. (2020) 7:346. doi: 10.3389/feart.2019.00346

 51. Frohn J, Pinkert-Leetsch D, Missbach-Güntner J, Reichardt M, Osterhoff M, Alves F, et al. 3D virtual histology of human pancreatic tissue by multiscale phase-contrast X-ray tomography. J Synchrotron Radiat. (2020) 27:1707–19. doi: 10.1107/S1600577520011327

 52. Stampanoni M, Groso A, Isenegger A, Mikuljan G, Chen Q, Meister D, et al. TOMCAT: a beamline for TO mographic M icroscopy and C oherent r A diology experimen T s. In: AIP Conference Proceedings, Vol. 879. Daegu: American Institute of Physics (2007). p. 848–51.

 53. Bührer M, Stampanoni M, Rochet X, Büchi F, Eller J, Marone F. High-numerical-aperture macroscope optics for time-resolved experiments. J Synchrotron Radiat. (2019) 26(Pt 4):1161–72. doi: 10.1107/S1600577519004119

 54. Mokso R, Schlepütz CM, Theidel G, Billich H, Schmid E, Celcer T, et al. GigaFRoST: the gigabit fast readout system for tomography. J Synchrotron Radiat. (2017) 24:1250–9. doi: 10.1107/S1600577517013522

 55. Van Nieuwenhove V, De Beenhouwer J, De Carlo F, Mancini L, Marone F, Sijbers J. Dynamic intensity normalization using eigen flat fields in X-ray imaging. Opt Express. (2015) 23:27975–89. doi: 10.1364/OE.23.027975

 56. Paganin D, Mayo SC, Gureyev TE, Miller PR, Wilkins SW. Simultaneous phase and amplitude extraction from a single defocused image of a homogeneous object. J Microsc. (2002) 206:33–40. doi: 10.1046/j.1365-2818.2002.01010.x

 57. Marone F, Stampanoni M. Regridding reconstruction algorithm for real-time tomographic imaging. J Synchrotron Radiat. (2012) 19:1029–37. doi: 10.1107/S0909049512032864

 58. Modregger P, Lübbert D, Schäfer P, Köhler R. Spatial resolution in Bragg-magnified X-ray images as determined by Fourier analysis. Physica Status Solidi. (2007) 204:2746–52. doi: 10.1002/pssa.200675685

 59. Lovric G, Barré SF, Schittny JC, Roth-Kleiner M, Stampanoni M, Mokso R. Dose optimization approach to fast X-ray microtomography of the lung alveoli. J Appl Crystall. (2013) 46:856–60. doi: 10.1107/S0021889813005591

 60. Pierantoni M, Silva Barreto I, Hammerman M, Verhoeven L, Törnquist E, Novak V, et al. A quality optimization approach to image Achilles tendon microstructure by phase-contrast enhanced synchrotron micro-tomography. Sci Rep. (2021) 11:1–14. doi: 10.1038/s41598-021-96589-w

 61. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source platform for biological-image analysis. Nat Methods. (2012) 9:676–82. doi: 10.1038/nmeth.2019

 62. Salditt T, Aspelmeier T, Aeffner S. Biomedical Imaging: Principles of Radiography, Tomography and Medical Physics. Berlin: Walter de Gruyter GmbH & Co KG (2017).

 63. Hubbell J, Seltzer S. X-Ray Mass Attenuation Coefficients: NIST Standard Reference Database 126. Gaithersburg, MD: National Institute of Standards and Technology (2004).

 64. Immel A, Le Cabec A, Bonazzi M, Herbig A, Temming H, Schuenemann VJ, et al. Effect of X-ray irradiation on ancient DNA in sub-fossil bones-guidelines for safe X-ray imaging. Sci Rep. (2016) 6:32969. doi: 10.1038/srep32969

 65. LeGrice IJ, Smaill B, Chai L, Edgar S, Gavin J, Hunter PJ. Laminar structure of the heart: ventricular myocyte arrangement and connective tissue architecture in the dog. Am J Physiol Heart Circ Physiol. (1995) 269:H571–82. doi: 10.1152/ajpheart.1995.269.2.H571

 66. Sonnenblick EH, Ross Jr J, Covell JW, Spotnitz HM, Spiro D. The ultrastructure of the heart in systole and diastole: > changes in sarcomere length. Circ Res. (1967) 21:423–31. doi: 10.1161/01.RES.21.4.423

 67. Rodriguez EK, Hunter WC, Royce MJ, Leppo MK, Douglas AS, Weisman HF. A method to reconstruct myocardial sarcomere lengths and orientations at transmural sites in beating canine hearts. Am J Physiol Heart Circ Physiol. (1992) 263:H293-H306. doi: 10.1152/ajpheart.1992.263.1.H293

 68. Ross Jr J, Sonnenblick EH, Covell JW, Kaiser GA, Spiro D. The architecture of the heart in systole and diastole: technique of rapid fixation and analysis of left ventricular geometry. Circ Res. (1967) 21:409–21. doi: 10.1161/01.RES.21.4.409

 69. Bogaert J, Rademakers FE. Regional nonuniformity of normal adult human left ventricle. Am J Physiol Heart Circ Physiol. (2001) 280:H610–20. doi: 10.1152/ajpheart.2001.280.2.H610

 70. Cooper CJ, Pfeffer JM, Finn P, Pfeffer MA. Characteristics of a model of myocardial infarction produced by coronary artery ligation in the rat. Cardiovasc Pathol. (1995) 4:189–94. doi: 10.1016/1054-8807(95)00021-V

 71. Lamata P, Casero R, Carapella V, Niederer SA, Bishop MJ, Schneider JE, et al. Images as drivers of progress in cardiac computational modelling. Prog Biophys Mol Biol. (2014) 115:198–212. doi: 10.1016/j.pbiomolbio.2014.08.005

 72. Walmsley J, van Everdingen W, Cramer MJ, Prinzen FW, Delhaas T, Lumens J. Combining computer modelling and cardiac imaging to understand right ventricular pump function. Cardiovasc Res. (2017) 113:1486–98. doi: 10.1093/cvr/cvx154



OPS/images/fcvm-09-1023483-g005.gif





OPS/images/fcvm-09-1023483-i001.gif





OPS/images/fcvm-09-1023483-g003.gif





OPS/images/fcvm-09-1023483-g004.gif





OPS/images/fcvm-09-1023483-t003.jpg
Topic

Temperature control

Descripti d recommendati

Temperature losses can occur in unexpected parts of the Langendorff system. Make sure to warm up as many components of the
setup as possible, including the hearts’ surrounding air, and install temperature probes at different locations to detect the
temperature leakage zones and correct as required.

Buffer pressure

As in the temperature case, points of pressure loss can be present. Make sure to detect them in advance with a pressure transducer
and correct the water column height as required.

Buffer solution refill

The buffer solution’s reservoir needs to be refilled periodically. Make sure to pre-warm and pre-oxygenate the new batch before
adding it into the system to avoid temperature fluctuations that might affect heart function.

Surgery and perfusion

Bubbles in circulation

A rapid perfusion of the isolated heart is key to achieve a fully functioning sample. Perform the surgery as close as possible to the
Langendorff system to minimize ischemia. In the reported experiment, an operation table was installed at the beamline (2 m from
the setup).

For diverse reasons, air bubbles might enter in the Langendorff system and get stuck on the aortic valve, compromising coronary
perfusion. During set up, make sure to remove all air from the tubing and perform motor rotations to extract as much air from the
system as possible. Additionally, install extra tubing to allow possible bubbles to scape by creating a tubing T-junction right before
the cannullae.

ECG quality Place ECG electrodes so that optimal signal can be measured. Before proceeding, perform motor translations and rotations to
ensure that these do not cause the electrodes to move nor signal distortions.
Heart motion Due to the hanging position of the hearts, these will swing while beating and thus create unwanted motion. Try to minimize the

Cardiac function degradation

swing by using 2 cannullae going as deep as possible into the heart, wihout damaging the cardiac valves or chambers. Since hearts
are mechano-sensitive, adding physical constraints (i.e., a weighted net) will affect their function.

Due to radiation damage, heart function will degrade over time. Before deciding your acquisition scheme, make sure to understand
the exposure that hearts can tolerate before heavily degrading. The evolution of the ECG signal is a good indicator.
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Component label

PowerLab (1)

Descriptio d function

Data acquisition instrument to record ECG, detector exposure and motor angular readback signals.

Circulating water bath (2)

Warms up water to the desired temperature and pumps it through the heating circuit of the system.

Double-walled tubing

Allows simultaneous buffer and warm water circuits, so that the buffer can arrive to the heart at the target temperature (~ 37°C).

Gas bottle and oxygenation line (3)

95% 0,/5% CO, gas mixture bottle and line to oxygenate the buffer solution and achieve appropriate pH values.

Reservoir (4)

Initial chamber, where the buffer solution is heated and oxygenated.

Peristaltic pump (5)

In charge of pumping the buffer from the reservoir to the compliance chamber.

Compliance chamber (6)

Highest chamber. The difference in height between the compliance chamber and the aorta sets the constant pressure at which the
heart will be perfused (60 mmHg / ~90 cm water column).

Rotary union* (7)

Both for liquid and electrical signal, ensures that tubes and cables do not entangle while tomographic rotation occurs. Includes
heating patches and a power supply to ensure temperature control.

Motor stages (8)

Allow sample alignment (translation) and rotation.

Modular sample holder* (9)

Easily-exchangeable 3D-printed cap with metallic cannulae made in-house, which will hold the heart in place. The custom metallic
cannulae allow a compact design and conduct ECG signal without attaching the electrodes directly on the heart.

Aquarium* (10)

Aluminium frame with Kapton walls that keeps the heart environment at the desired temperature and collects the perfusate
dripping from the apex.

Customized components are marked by *.
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Propagation distance 220 cm
Pixel size 275 pm
Field of view 5.54x2.75 mm?
Field of view (pixels) 2,016 x 1,000
Projections, flats and darks 160,000; 300; 50
Exposure time 1ms
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