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SUMMARY 
In this article, we have described a reproducible, temperature-controlled protocol for ex vivo Phosphorus-31 Magnetic Resonance Spectroscopy, enabling serial, quantitative assessment of myocardial energetics during organ preservation.

ABSTRACT 
Reliable organ preservation is critical to increasing donor availability and improving transplant outcomes. While static storage remains the standard for donor hearts, there is a need for precise methods to monitor myocardial energetics throughout preservation.

Phosphorus-31 Magnetic Resonance Spectroscopy (31P MRS) enables direct, dynamic measurement of key energy metabolites, including Phosphocreatine (PCr), Adenosine TriPhosphate (ATP), inorganic phosphate (Pi), and intracellular pH. This technique allows for longitudinal, quantitative, and precise evaluation of myocardial metabolic status during ex vivo storage. Advantages of MRS include dynamic assessment of energy status and a global assessment of ventricular energy. 

The protocol begins with swine donor recovery, cardioplegia administration, and cardiectomy. The aortic arch is cut proximal to the brachiocephalic trunk to maximize the length of the ascending aorta. A ribbed cannula is secured into the distal ascending aorta, the left atrium is marked, and the heart is placed in a cylindrical, insulated container pre-filled with temperature-specific cardioplegia. The lid connects to the cannula, suspending the heart inside, and the container is sealed, maintaining a temperature within 1 °C for 1 h.

The container is placed in a tailored Styrofoam box with an opening for a phosphorus tuned coil, aligning the coil center with the center of the left ventricle (LV). Scout images confirm LV placement near the 31P coil. B0 shimming ensures uniform excitation, followed by acquisition of a non-localized 31P MR spectrum. Post-processing identifies spectral peaks for calculating PCr/ATP, PCr/Pi ratios, and intracellular pH. 

In our protocol, 31P MRS is performed at serial timepoints between h 0 to 8. Between timepoints, the heart is stored in a standard storage device at the desired temperature.

31P MRS has allowed us to study time-dependent changes to energy depletion and the role of storage temperature in mitigating energy depletion over time. 

INTRODUCTION 
Heart transplantation remains the definitive treatment for select patients with end-stage heart failure1. However, a persistent shortage of suitable donor organs and the limitations of the current preservation strategies are major barriers to optimal outcomes and expanded transplant availability2,3. Traditionally, donor hearts are preserved using cold static storage, which is straightforward and cost-effective, but is susceptible to subclinical energetic depletion during prolonged transport2,4. As programs increasingly accept higher-risk and geographically distant organs, there is a growing need for objective tools that characterize the metabolic condition of the myocardium during preservation rather than relying solely on ischemic time and gross inspection5–7. In addition, myocardial metabolism and ischemic tolerance are strongly influenced by temperature, and both inadequate cooling and excessive hypothermia can worsen energetic depletion and cellular injury during storage. Evaluating donor hearts at multiple, clinically relevant preservation temperatures, therefore, helps identify conditions that best maintain myocardial viability over time3.

Accurate, dynamic assessment of myocardial bioenergetics during storage is essential to improve preservation techniques and maximize organ utilization. Currently, standard practice relies on static cold storage at temperatures in the range of approximately 4–8 °C8. Although this protocol has shown successful outcomes over short storage durations, prolonged storage at this temperature may jeopardize myocardial integrity. Therefore, it is essential to conduct serial measurements of metabolic activity across a range of temperatures and durations to delineate the optimal storage conditions necessary for ensuring successful organ transplantation. Conventional evaluation of preservation injury often relies on histological examination or biochemical assays from myocardial biopsies, which are invasive, destructive, and provide only intermittent, regional snapshots of tissue status9. In contrast, phosphorus-31 magnetic resonance spectroscopy (31P MRS) is a powerful, non-destructive modality that enables direct, serial measurement of key energy metabolites, including phosphocreatine (PCr), adenosine triphosphate (ATP), inorganic phosphate (Pi), and intracellular pH, within intact cardiac tissue6,10–12. By permitting repeated measurements in the same organ without additional tissue handling, 31P MRS provides global and longitudinal insights into myocardial energetic status, enhancing experimental precision and reproducibility compared with biopsy-based or serum surrogate approaches6,13.

The assessment of cardiac graft viability with 31P MRS has been reviewed by Bernard et al14. Here, a detailed, temperature-controlled protocol for ex vivo 3 Tesla 31P MRS of the swine heart during preservation is presented. This method provides a practical framework for monitoring substrate depletion, testing storage variables, and validating preservation interventions. The protocol is particularly appropriate for laboratories that seek serial, whole‑ventricle measurements during static cold storage, such as studies of temperature-dependent preservation, ischemia–reperfusion injury, or optimization of solutions for marginal and extended‑criteria donor hearts.

PROTOCOL
This protocol follows institutional animal care guidelines and was approved by the Johns Hopkins Animal Care and Use Committee (Protocol number SW24M319) for all procedures involving live animals up to and including surgical harvest. All subsequent ex vivo experiments were performed using tissues obtained after euthanasia.

1 Pre-Harvest procedure 

1.1 Set the incubator to a temperature that is 2 °C below the target preservation temperature. Allow the incubator to stabilize for at least 2 h.

1.2 Place 6-7 ice packs in the incubator to pre-chill them to the set temperature. Ensure ice packs are sufficient in quantity to maintain temperature during transport.

1.3 Prepare modified Saint Thomas cardioplegia solution:

1.3.1 In 1 L of Lactated Ringer’s solution bag, add

1.3.1.1 30 mL of 8.4% sodium bicarbonate

1.3.1.2 5 mL of 30 mmol/10 mL of potassium chloride

1.3.1.3 2.5 mL of 20 mmol/10mL magnesium sulfate

1.3.1.4 15 mL of 50% dextrose

1.3.1.5 100 mg of 50 mg/10 mL nitroglycerin

1.3.1.6 5000 U of cold erythropoietin 

1.3.2 Prepare a total of 3 L of cardioplegia solution and store the solution in the pre-chilled incubator.

1.4 Set aside the insulated cooler with a built-in silicone tubing that allows for optimal positioning of the heart’s vertical height. Place a black reference mark on the silicone tubing at the point that lies directly beneath the tip of the opening on the cooler lid.

1.5 Set aside a ribbed cannula for securing and suspending the harvested heart. Place a black reference mark on the outer surface of the cannula to serve as a reproducible alignment point.

2 Harvest procedure

2.1 Sedate the animal using a combination of telazol, ketamine, and xylazine mixed in a single syringe and administered intramuscularly to minimize the stress and pain associated with multiple injections.

2.1.1 Telazol (50 mg tiletamine + 50 mg zolazepam) at 4.4 mg/kg for each component.

2.1.2 Ketamine at 2.2 mg/kg.

2.1.3 Xylazine at 2.2mg/kg.

2.2 Intubate and anesthetize the animal. 

2.2.1 Tidal volume at 5-10 mL/kg.

2.2.2 Respiratory rate at 12-15 breaths/min.

2.2.3 Positive End-Expiratory Pressure at 5 cm H2O.

2.2.4 Inhaled isoflurane at 0.5-2% with an oxygen flow of 1-2 L/min.

2.3 Place peripheral intravenous lines, perform a sternotomy and open the pericardium15. Administer antiarrhythmics if required.

2.4 Place a cardioplegia needle in the ascending aorta, positioning above the aortic valve but below the aortic arch.

2.5 Spike and connect a 1 L bag of cardioplegia solution to the needle.

2.6 Vent the left atrium, inferior vena cava, and superior vena cava.

2.7 Apply an aortic cross clamp proximal to the arch.

2.8 Initiate cardioplegia flow through the coronaries at a pressure of approximately 75–80 mmHg. Monitor pressure using an in-line gauge.

2.9 Harvest the heart while maintaining anatomical integrity.

2.10 Pour pre-chilled saline over the harvested heart to rapidly cool its surface.

2.11 Place the heart in a bowl filled with cold cardioplegia solution.

2.12 Insert a myocardial temperature probe at the apex of the heart, and a thermometer into the bowl of cardioplegic solution to monitor temperature.

2.13 Separate the aorta from the pulmonary artery (PA).

2.14 Secure the ribbed cannula in the aorta using silk ties and zip ties, ensuring that the marked portion of the cannula corresponds to the position of the left ventricle (LV).

2.15 Fill the cooler with Saint Thomas solution to 60–70% capacity, then transfer the heart and the bowl’s solution into the cooler for a total fill, maximizing immersion.

2.16 Measure and document the final solution and tissue temperature.

2.17 Attach the ribbed cannula to the cooler lid with silicone tubing at the predefined mark. Ensure that the marks on the ribbed cannula and the silicone tubing are aligned, so that the LV maintains a consistent orientation relative to the lid when the cooler is closed, ensuring reproducible positioning of the LV for every scan (Figure 1A). 

2.18 Deair the organ to ensure optimal MR field homogeneity and good signal-to-noise ratio during MR data collection.

2.19 Secure the cooler lid, ensuring LV alignment.

2.20 Place ice packs and a cooler into a transport bag.

3 Spectroscopy protocol

3.1 This protocol is optimized for a 3T MR scanner. The MR scanner is equipped with a multi-nuclei spectroscopy option, including a 4 kW broadband radiofrequency amplifier and receiver, including the standard vendor provided phosphorus coil (P140). The 31P coil is a 14 cm diameter single loop transmit/ receive coil with two rods for tuning and matching.

3.2 Notify MRI facility staff prior to transport and confirm scan availability.

3.3 Prepare a Styrofoam box with the following external dimensions: length 33.5 cm, width 28 cm (longer edge), width 23 cm (shorter edge), and thickness 4 cm. Make a slit measuring 3.3 cm in width on one side of the box to allow placement of the 31P coil adjacent to the heart (Figure 1B).

3.4 Insert the cooler with the suspended heart adjacent to the coil’s central axis, targeting the LV location (Figure 1C). Prepare a cooler that is 25.4 cm high and 11.4 cm wide. The silicone tubing is fixed at a length of 7 cm from the inner surface of the lid, at the point of heart mounting (Figure 1D).

3.5 Place ice packs in gaps around the cooler, taking care to avoid creating space between the cooler and the coil, then tape the box lid to ensure stability during scanning (Figure 1E).

3.6 Center the cooler to the magnet isocenter using the laser guides and centering landmark, to ensure optimal B0 homogeneity (Figure 1F).

3.7 Plug the 31P coil into the scan connector and attach tuning and matching rods to the coil (Figure 1F).

3.8 Acquire tri-plane localizer scout images to verify coil placement and optimal LV proximity to the 31P coil (Figure 2).

3.9 If the LV positioning is incorrect, rotate the cooler lid and rerun the scout scan. 

3.10 Acquire a static field B0-map for localized 2nd order shimming16 to ensure a uniform magnetic field across the region of interest required for high spectral quality:

3.10.1 After the acquisition of the B0-map, a “Shimtool”16 automatically launches with that map loaded (Figure 3).

3.10.2 [bookmark: _Hlk218018416]Click points of a smoothed polygon outlining the cardiac muscle in all slices (Figure 3A).

3.10.3 [bookmark: _Hlk218018433]The “Shimtool” then performs a constrained least-squares fit to determine localized resonance frequency and first (x, y, z) and second order (xy, xz, yz, x2-y2, z2-(x2+y2)/2) shim field corrections (Figure 3C). Upload these correction terms to the scanner and apply them to the following scans.

3.11 Prior to 31P MRS acquisition, turn the tuning rods of the coil to ensure optimal tuning of the radiofrequency coil and match its impedance to the MR system, in turn maximizing the efficiency of signal transmission and minimizing reflections in the radiofrequency system (Figure 4).

3.12 Acquire an initial non-localized 31P MR spectra (repetition time [TR]: 10 s, flip angle = 90° using adiabatic B1-Insensitive Rotation-4 (BIR-4) pulses; echo time [TE] = 0.1 ms; bandwidth=3000 hertz (Hz); 1024 spectral points, 5 averages) to determine the resonance frequency at the center between the PCr and γ-ATP peaks. Total acquisition time: 50 s.

3.13 Then acquire fully relaxed non-localized 31P MR spectra after adjusting the offset frequency based on the calculation in 3.12 (TR: 16 s, flip angle = 90° using adiabatic BIR-4 pulses; TE = 0.1 ms; bandwidth = 3000 Hz; 512 spectral points, 20 averages). Total acquisition time: 5 min 20 s.

3.14 After scanning, measure the fluid and myocardial temperatures; ensuring deviation from the target is <1 °C.

3.15 Store the heart in the incubator at the desired temperature until the next scheduled scan.

4 Data analysis

4.1 Export the fully relaxed 31P MRS data as .SDAT data files and load into a graphical user interface for processing (Figure 5A)17.

4.2 First, apodize the spectra using a 15 Hz Lorentzian filter (Figure 5B), then apply a 0 and 1st order phase shift, and set the 0 Hz frequency at the center of the PCr peak (Figure 5C).

4.3 Fit the spectra using the AMARES function18 using the knowledge values listed in Table 1.

4.4 Review the analysis for adequate fitting in the next window (Figure 6), by ensuring that each peak is correctly identified (individual components) and that minimal residual signal remains following analysis (residue). 

4.5 Calculate the myocardial metabolite ratios PCr/ATP and PCr/Pi based on the spectroscopic peak amplitude (Figure 7). The γ-ATP resonance is used as a measure of ATP.

4.6  Calculate the intracellular pH based on the chemical shift between Pi and PCr after adjustment, to reflect the temperature condition14.

NOTE: The protocol can be paused after each MRI scan (step 3.15). Ensure temperature control is maintained throughout.

5. Equations

5.1 Calculate the intracellular pH (pHi) as previously described19: 


Where T is the temperature in °C, and δ0 is the observed chemical shift difference between the PCr and Pi resonances, in parts per million (ppm).

REPRESENTATIVE RESULTS 
The localized 2nd order shimming16 resulted in a more homogenous B0 magnetic field across the region of interest, as indicated by a reduction in the standard deviation at each time point (0 h: 14.0 to 4.0 Hz; 4 h: 17.5 to 3.2 Hz; 8 h: 16.0 to 3.2 Hz). This ensured that excellent spectral quality was achieved at each time point (Figure 7). The myocardial metabolic changes during ex vivo cold storage indicate a rapid depletion of high-energy phosphate stores and progressive intracellular acidification over time. Across all measured parameters, PCr/ATP, PCr/Pi, and intracellular pH, the steepest declines occur within the first 4 h of static cold storage, reflecting heightened metabolic vulnerability in this early preservation period. After this phase, further deterioration proceeds at a more gradual rate until h 8, when energy reserves approach minimal levels and marked acidosis is observed (Figure 8).  

FIGURE AND TABLE LEGENDS
Figure 1: Assembly and configuration of the ex vivo swine heart preservation system for 31Phosphorus MR spectroscopic analysis. (A) Heart Suspension in Storage Container: The harvested swine heart is attached to a ribbed cannula and suspended inside a cylindrical insulated container pre-filled with cold cardioplegia solution. Proper suspension ensures full immersion and optimal temperature control, with the lid secured for transport and MR scanning. (B) Styrofoam Box and Phosphorus Coil Setup: Preparation of the specialized Styrofoam box with a slit on one side for insertion of the phosphorus MR coil. The insulated container housing the heart is aligned with the coil to facilitate optimal placement for MR spectroscopic acquisition. (C) Final MR Coil-Heart Placement: The insulated container with suspended heart placed at the center of the Styrofoam box, ensuring the left ventricle is precisely aligned with the 31P transmit/receive coil. This configuration maximizes signal detection for dynamic spectroscopic analysis. (D) Placement and Measurement of Heart Suspension Tubing within the Cooler: This figure demonstrates the positioning and vertical measurement of the silicone suspension tubing within the custom-designed cooler system. The image shows the tubing base securely attached to the lid, with a ruler indicating a height of 7 cm from the interior surface of the lid to the reference point where the heart is ultimately mounted. (E) Temperature Control and Device Sealing: View of the insulated box after packing with pre-chilled ice packs around the container. The arrangement maintains temperature stability throughout transport and scanning, preventing temperature deviation beyond ±1 °C during preservation and MR acquisition. (F) Alignment of Cooler and Coil Connection at Magnet Isocenter: This figure demonstrates the alignment of the styrofoam cooler for MR experiments, using centering markings to position the container at the magnet isocenter for B0 homogeneity. The coil cabling is clearly visible, reflecting the connection step in which the 31P coil is plugged into the scan connector. Prior to acquisition, tuning and matching rods are attached to the coil, allowing adjustment for optimal signal quality in the experimental setup.

Figure 2: Verification of coil placement using tri-plane localizer scout imaging. This figure displays coronal (top) and axial (bottom) views of the heart acquired during the tri-plane localizer scout MR imaging sequence. These views illustrate the suspended heart within the cooler and its spatial relationship to the center of the phosphorus-31 transmit/receive coil. Optimum positioning of the heart is confirmed when the heart is situated near the central axis of the coil. If this optimal alignment was not achieved, a study team member would rotate the cooler lid, and the scout images will be repeated until the desired positioning is attained.

Figure 3: B0-map based localized 2nd order shimming. (A) Magnitude of one of 16 slices of the B0-map showing the Saint Thomas solution in the cylindrical cooler (bright signal) with the heart (gray signal) oriented to have the left ventricle as close as possible to the coil (coil position indicated by the *). The user manually selects the shim volume by clicking points of a smoothed polygon (red line) including both LV and right ventricle (RV). (B) The associated B0-map with a field distribution  = 32Hz within the red polygon. (C) The shimtool then determines 2nd order shim fields. (D) The corrected B0-map has a reduced field distribution  = 17Hz. In this case, the standard deviation across the shim volume over all slices improved from 16Hz to 3.2Hz.

Figure 4: Tuning and matching of the 31P coil. The tune-match curve is shown (A) before and (B) after capacitor adjustments. Turning the tuning rod of the coil shifts the nadir of the tune-match curve left and right, with the goal to reach the resonance frequency shown at 0 kHz (indicated by the tune arrow), optimizing the coil’s radiofrequency (RF) alignment. Meanwhile, turning the matching rod shifts the nadir of the tune-match curve up and down, with the goal to reach the x-axis by matching the coil’s impedance to 50 minimizing reflected power (indicated by the match arrow). Tuning and matching ensure efficient transfer of RF power to the sample and detection of the weak NMR signal, maximizing signal-to-noise ratio (SNR).

Figure 5: 31P MRS analysis workflow. The fully relaxed 31P MRS spectra are first loaded into the jMRUI software (A). The spectra then undergo a processing workflow beginning with 15 Hz apodization found under the Preprocessing tab (B), followed by applying a 0 and 1st order phase shift using the Phasing window (C, inset). Finally, the center frequency is set at the PCr peak (right click set zero frequency here). The spectra are then ready for fitting using the AMARES function, found under the Quantitation tab.

Figure 6: Spectrum fitting using AMARES. After applying the AMARES function to the 31P MRS spectra; the fitting quality is examined, as in the above example. The original spectra are found at the bottom, and the estimate is found above. The estimated fitted spectrum represents the estimated metabolite concentrations in the sample, extracted from the noise and artifacts present in the original spectrum. Above this, the individual components are displayed, breaking down the estimated spectrum into its constituent parts and showing how each metabolite contributes to the overall spectrum. The residue, on top, reflects the difference between the original and estimated spectrum.  

Figure 7: 31P MRS analysis. The processed 31P MR spectra are shown for the 0-1 h (A), 4 h (B), and 7-8 h (C) time points, respectively. Following Lorentzian apodization, 0 and 1st order phase correction was applied, and the center frequency was set around the PCr peak. Then the spectra were fitted using the AMARES function in jMRUI, and the peak amplitudes of PCr, γ-ATP, and Pi were calculated. The γ-ATP resonance was used as a measure of ATP, and from which the metabolite ratios PCr/ATP and PCr/Pi were calculated. Intracellular pH was calculated based on the chemical shift (δ0) between Pi and PCr. Over time (from A to C), the PCr peak amplitude decreases to near zero, while the Pi peak increases and moves closer to PCr, resulting in a decreasing δ0 and reflecting the drop in pH.

Figure 8: Time-dependent decline in myocardial metabolic state during cold storage. Representative trends in myocardial high-energy phosphate reserve (PCr/ATP), cellular bioenergetic status (PCr/Pi), and intracellular pH measured during 8 h of static cold storage. Panels display values determined from spectra shown in Figure 7 at baseline, 4 h, and in between 7-8 h of preservation. All markers show a steep early decline followed by a slower, continuing decrease, culminating in significant energetic depletion and intracellular acidification at 8 h. 

Table 1: Prior knowledge files used for AMARES spectra fitting. The table summarizes the prior knowledge model used for AMARES fitting of cardiac 31P MR spectra, listing each metabolite resonance and the associated constraints applied during spectral quantification. It details peak assignment, amplitude treatment, relative phase behavior, and the specified linewidth, frequency, and lineshape constraints for phosphocreatine, ATP multiplets, inorganic phosphate, phosphodiesters, and phosphomonoesters. 

DISCUSSION
This manuscript describes a surgical preparation and a 31P MRS acquisition and analysis protocol for the serial assessment of myocardial energetics during heart preservation. 31P MRS allows for serial, non-destructive assessment of key cardiac metabolites at different cold storage temperatures, which provides novel insights into the metabolic viability of the myocardial tissue. This 31P MRS protocol is relatively fast, requiring minimal scanner time, which allows for the assessment of cardiac energetics before significant tissue temperature changes occur. The approach is adaptable to other large-animal models and may extend to perfused ex vivo platforms or interventions targeting post-transplant energy metabolism.

Critical steps in this protocol include precise temperature monitoring during both the harvest and post-scan intervals, as maintaining myocardial temperature within strict limits is essential for preserving metabolic viability and ensuring reproducible MR results. Moreover, ensuring that the heart has been completely deaired is vital for ensuring optimal MR field homogeneity, and therefore, any trapped air bubbles found in the heart would disrupt the B0 field and compromise signal-to-noise. The alignment of the LV with the phosphorus coil is also crucial; any deviation during repositioning between scans can cause data loss or necessitate additional handling, risking inadvertent tissue warming8. 

Troubleshooting often centers around controlling temperature drift and confirming coil-heart alignment, especially during transport between storage and scanner setups. While the current design works for moderate hypothermic ranges (4–10 °C), modifications may be necessary for experiments demanding ultra-hypothermic or normothermic conditions, such as heated or perfused containers with more robust insulation and active temperature regulation20.

A limitation of the present method is the restricted temperature range achievable with standard insulated coolers, which precludes testing at extremely low or elevated temperatures. Furthermore, because there is no active temperature control in the scanner, we focused on three short MRI acquisitions during the 8 h storage period, leading to a lower temporal resolution compared to other studies21. Moreover, the use of static, rather than perfused storage limits the translation to advanced normothermic preservation paradigms, and the system may not accommodate larger organs or those requiring continuous oxygen supply. 

The protocol’s significance lies in its ability to provide dynamic, non-destructive, and longitudinal quantification of myocardial energetics using 31P MRS, distinguishing it from intermittent tissue biopsy or non-imaging biochemical approaches22. Unlike traditional approaches, this method allows for global ventricular assessment and repeated sampling over time, thereby enabling precise evaluation at different temperatures.

Potential applications include studies of ischemia-reperfusion dynamics, testing of novel cardioprotective agents, and development of protocols for marginal or extended-criteria donor organs in cardiac transplantation23. 

Machine perfusion strategies have emerged to overcome several key constraints of static cold storage by providing controlled oxygen delivery, metabolite washout, and the possibility of active myocardial conditioning during transport and assessment7. Hypothermic perfusion maintains low‑temperature, oxygenated coronary flow to suppress metabolic demand while preserving basal energy production during prolonged preservation, whereas normothermic ex vivo perfusion sustains near‑physiologic conditions and permits continuous functional assessment, particularly useful for extended‑criteria grafts7,24–26. Early clinical and experimental data indicate that both approaches can enhance organ utilization, lessen ischemia–reperfusion injury, and reduce the burden of primary graft dysfunction, underscoring the need for quantitative metrics of myocardial viability and energetic reserve during preservation27,28. 

From a future implementation standpoint, this protocol may be adapted for integration with ex vivo perfusion systems in or around a 3T clinical MR scanner. In such a configuration, MR‑incompatible components, particularly the centrifugal pump, would need to be positioned outside the magnetic field, whereas the heart box, perfusion tubing, and Langendorff apparatus would be designed to be MR‑compatible. Practical considerations would include managing tubing length and diameter to limit pressure drops and excessive circuit volume, which can substantially increase the required perfusate volume, careful consideration of the limited bore space for the perfusion hardware, and the challenge of transferring an already perfused heart into the MR-compatible setup while maintaining complete deairing of the system.
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