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SUMMARY: 
The following surgical protocol represents the second and final procedure to thoroughly and reliably characterize the cardiac function and myocardial perfusion after successful induction of chronic myocardial ischemia in a swine model in an effort to investigate novel therapies. 

ABSTRACT: 
Reproducibility and research integrity are foundational tenets to scientific discovery, which are produced utilizing well-established, proven principles and protocols. Furthermore, with the ever-increasing prevalence and burden cardiovascular disease (CVD) places on individuals and society at large, it deems essential to cultivate robust and validated model for investigation. Our group utilizes a two-surgery protocol in a swine model that has been progressively refined over the last twenty years, in which we first induce chronic myocardial ischemia by placement of an ameroid constrictor mimicking the pathophysiology of coronary artery disease (CAD) in humans. The second and terminal procedure is a comprehensive and thoughtful collection of cardiac hemodynamic parameters as well as regional coronary perfusion, followed by beating heart euthanasia and detailed sectioning of the heart. Our lab uses isotope-labeled microspheres to analyze myocardial blood flow to the ischemic area as a powerful method to quantify collateralization due to experimental therapeutic agents. Furthermore, and likely the most important measurable cardiovascular outcome, we utilize left ventricular pressure-volume (PV) loop catheterization to measure a broad range of hemodynamic parameters. We hope by detailing the comprehensive cardiac analysis of our swine model of chronic myocardial ischemia, other researchers may improve and cultivate their own protocols and therapy investigation for the elimination of cardiovascular disease.  

INTRODUCTION: 
In the United States, nearly half of individuals have at least one component of CVD, comprising a large group of disease states of the heart and blood vessels1. By the year 2060, it is projected that the prevalence of multiple diagnoses comprising CVD will substantially increase compared to 2025. For instance, myocardial infarction is projected to increase by 30%, ischemic heart disease (IHD) by 31.3%, and heart failure by 33%2. These staggering statistics are further worrisome when taken with similar predictions of cardiovascular risk factors, in which the number of individuals with diabetes mellitus is estimated to rise by 39.3%, dyslipidemia by 27.5%, and hypertension by 27.2%2. Altogether, this highlights the imminent need for reliable and reproducible research models to effectively investigate innovative therapies for CVD and its risk factors. We have demonstrated our physiologically analogous model of CAD in swine3. The use of swine helps fulfill the validity of our research model in accurately representing the human condition of CAD, in which pre-clinical studies have previously been criticized for translatability. Swine have similar coronary anatomy, cardiac physiology, and myocardial proteome and metabolism to humans4. Furthermore, a crucial component of our model is to then accurately account for subsequent physiological, myocardial, and molecular outcomes due to the investigational therapies. 

Typically, clinical trials are used to implement novel medical or surgical therapies to investigate any beneficial cardiovascular outcomes, which is discovered solely via observation. This is evident in the landmark trials of several novel anti-diabetic drugs investigating their cardiovascular impact. For example, in the SUSTAIN-6 randomized control trial, patients with type 2 diabetes treated with semaglutide, a glucagon-like peptide-1 (GLP-1) agonist, were found to have lower rates of major cardiovascular adverse events compared to placebo5. Similar observations were seen in another RCT studying sotagliflozin, a dual sodium-glucose cotransporter 1 and 2 (SGLT-1 and SGLT-2) inhibitor, showing a reduction of major adverse cardiovascular events in patients with type 2 diabetes, chronic kidney disease, and additional cardiovascular risk factors6. These findings have been crucial in expanding the FDA approval of such therapies to reduce the incidence of cardiovascular risk factors and disease. However, a major limitation to these observational findings is a lack of understanding of the mechanisms by which these new therapies perpetuate such effects. This exemplifies the importance of our model in the scientific discovery of the underlying mechanistic determinants for new therapies for CVD. 

By using a large animal model, we are able to invasively characterize the macroscopic changes in cardiac function and myocardial perfusion, as well as comprehensively understand the microscopic molecular shifts in response to experimental therapies. We employ the use of PV loop catheterization to determine variations in cardiac function. The use of PV loops is the gold standard for invasively determining ventricular function during systole and diastole and serves as a benchmark for comparing non-invasive imaging techniques, such as echocardiogram or cardiac MRI7. This technique allows us to take several measurements to determine each hemodynamic variable and re-position the catheter in real time to ensure reproducible data acquisition. That is to say, the utilization of this technique is limited in the inability to collect longitudinal data, such as baseline cardiac functional, cardiac function at ischemic onset, and during treatment. We feel this is offset by the ability to measure load-independent measures, gaining the intrinsic functional status of the heart. Furthermore, the use of isotope-labelled microsphere injections after mapping the most ischemic territory aids in identifying any ischemic benefit of a therapeutic agent. Microsphere injections have long since been proven to be an accurate representation of changes in regional myocardial blood flow8. 

Our lab consistently uses microspheres with a diameter of 15 m and at a concentration of 2.5 million microspheres/mL. This diameter ensures the most precise measurement of myocardial blood flow, as confirmed by a previous study showing that microspheres were properly distributed according to blood flow, and the smaller diameter exhibited the least variation in distribution among left ventricular layers9. Additionally, a minimum amount of uptake of microspheres is necessary to ensure reliable results, which is easily produced at such high concentrations used in our lab. Taken together, the techniques employed during the terminal harvest consistently and meticulously analyze key cardiac physiological changes after any number of experimental therapies. This characterization is further bolstered by the ability to collect myocardial tissue and thoroughly analyze regional changes with advanced technologies, such as multiomic studies, providing robust, quantitative characterization at each layer of the central dogma within the myocardium.

PROTOCOL: 

The following surgical procedure was approved by the Institutional Animal Care and Use Committee of Rhode Island Hospital and Brown University (Protocol #23-08-0005). 

1. Animal model

1.1. Choose Yorkshire swine that have previously undergone placement of an ameroid constrictor around the proximal left circumflex coronary artery (LCx), thereby inducing chronic myocardial ischemia, and subsequent treatment with an experimental therapeutic agent. Keep ~7 weeks between the first operation for ameroid placement and subsequent terminal harvest. Allow 2 weeks for ameroid closure and ensure the swine undergo an experimental therapy afterwards. Ensure that the swine are ~18 weeks old and weigh ~40 kg at the time of this terminal harvest and that the experimental and control groups are matched by sex. 

NOTE: A representative figure demonstrates the anatomy of the heart we are harvesting, which includes where the ameroid was previously placed and the expected area of ischemic myocardium (Figure 1). 

2. Presurgical procedure

2.1. Withhold food on the morning of the procedure.

2.2. Anesthetize the swine using intramuscular injections of telazol (4.4 mg/kg) and xylazine (2.2 mg/kg) and intubate them with a cuffed endotracheal tube.

2.3. Initiate analgesia using 0.03 mg/kg of buprenorphine.

2.4. Place an intravenous (IV) catheter (20–22 G) in one of the large auricular veins and start infusing 0.9% saline at a rate of ~5–10 cc∙kg-1∙h-1.

NOTE: The IV fluid is solely at a maintenance rate in the context of the swine’s NPO status and length of the surgical case. 

2.5. Shave the surgical site and other sites used for ECG monitoring.

2.6. Transport the swine to the operating room table, positioned supine with the legs strapped to the table, and continue anesthesia using isoflurane (0.75–3.0%).

2.7. Start ECG and blood pressure monitoring and apply an electrocautery grounding pad on the swine.

2.8. Cleanse the surgical site. 

NOTE: This is a terminal procedure; therefore, sterility does not need to be maintained. It is individual preference with respect to surgical site preparation and draping. 

3. Surgical procedure

3.1. Femoral catheterization 

3.1.1. Palpate for the femoral pulse.

3.1.2. Inject 2% lidocaine subcutaneously to prepare for a femoral groin cut down in either the left or right groin, roughly perpendicular to the inguinal crease, moving craniocaudally.

3.1.3. Make a 4-5 cm incision using a #10 scalpel, again staying perpendicular to the inguinal crease, starting caudally where the femoral pulse was palpated and moving cranially. (Figure 2A)

3.1.4. Using electrocautery, dissect through the subcutaneous tissue down to the level of the femoral artery. Use a Weitlaner retractor to spread the muscle further exposing the femoral artery.

NOTE: This may require a small amount of splitting the semimembranosus and vastus medialis muscle.

3.1.5. Bluntly dissect using a right-angle clamp to circumferentially expose the femoral artery from surrounding tissue. Use Metzenbaum scissors to sharply divide any adhesions that cannot be taken down bluntly.

3.1.6. Isolate the femoral artery by encircling the artery with a vessel loop. 

3.1.7. Place a second vessel loop to ensure proximal and distal control of the artery.

3.1.8. Systemically heparinize the swine before cannulation at a dose of 80 IU/kg.

NOTE: Make sure the median sternotomy and cardiac exposure are complete before heparinizing and achieving femoral access. We make sure cardiac exposure is complete before heparinization because any lysis of adhesions can create bleeding. The overall purpose of heparinization is for thrombus prevention when accessing both the femoral artery and the left ventricle.

3.1.9. Using the Seldinger technique, puncture the femoral artery with an 18 G access needle, avoiding piercing the posterior arterial wall. When blood returns, advance a guidewire through the needle into the artery. Remove the needle and guide the 7F arterial sheath into the artery. Remove the guidewire and vascular dilator, leaving only the arterial sheath in place.

NOTE: The femoral artery can be difficult to access as it can easily dissect. Given this is a terminal procedure, it is recommended to sharply cut the femoral artery with Metzenbaum scissors and directly insert the guidewire into the lumen if this occurs. The arterial sheath can then easily be passed into the vessel over the guidewire. Make sure to clamp off the distal portion of the femoral artery using a small hemostat.

3.1.10. Ensure blood flow via the sheath. Connect to the Harvard Apparatus withdrawal pump (Figure 3).

3.2. Median sternotomy

3.2.1. Depending on the number of co-surgeons, this portion can be completed simultaneously with the groin cut down.

3.2.2. Inject 2% lidocaine subcutaneously to prepare for midline sternotomy. 

3.2.3. Make a midline incision from the sternal notch to the xiphoid process using a #10 scalpel. (Figure 2B)

3.2.4. Using electrocautery, divide the subcutaneous tissue until the sternum is reached and maintain hemostasis. 

3.2.5. Excise the xiphoid process by freeing any adhesions laterally and inferiorly with electrocautery. Use a Kelley clamp to lift the xiphoid up and transect at its base horizontally using electrocautery.

3.2.6. Ensure the sternal notch is dissected free superiorly to ease dividing this portion of the sternum. This typically requires dividing some superficial strap muscles.

3.2.7. Bluntly dissect underneath the sternum using a finger. 

3.2.8. Using a Lebsche knife, sharply divide the sternum, ensuring to stay midline. Change the angle of the knife as necessary and continue slowly once the latter one-third of the sternum is reached. 

NOTE: The use of the knife is preferred over a sternal saw, as in humans, due to the steep angulation and thickness of the cranial portion of the sternum, ideally reducing the risk of damage to underlying great vessels. It can be useful to place gauze underneath the cranial portion of the sternum to protect the underlying great vessels.

3.2.9. Once the sternotomy is complete, bluntly and sharply lyse any adhesions, if present, between the chest wall and pericardium or pleura.

3.2.10. Place a sternal retractor to spread the ribs and expose the heart.

3.2.11. Open the pericardium using Metzenbaum scissors. Extend towards the right atrium and continue caudally towards the left ventricular apex. 

3.2.12. Continue to lyse adhesions either bluntly or sharply to expose the left and right atrial appendages. The use of peanut sponge on an Allis clamp can be helpful for this dissection.

3.2.13. If it is difficult to dissect and identify the atrial appendages, a thymectomy may be helpful. To perform this, use electrocautery to dissect out thymic tissue. 

3.2.14. Once the atrial appendages are exposed, apply pacing clamps to both appendages, which are connected to a single-chamber external pacing box. Test pacing to 150 bpm, ensuring that each beat is captured on ECG.

3.2.15. Ensure exposure of the left ventricular apex, again using blunt and sharp dissection.

3.2.16. Lastly, enter the left pleural space and encircle the inferior vena cava (IVC) with a large Satinsky clamp. Isolate with a vessel loop.

3.2.17. Once this is complete, it is an appropriate time to heparinize the swine and obtain femoral access.

3.3. Microsphere injection—perfusion analysis 

3.3.1. Access the left atrial appendage with a fine-gauge butterfly needle attached to IV tubing and a three-way stopcock. Use a small hemostat to guide the needle and hold in place.  

3.3.2. Connect a syringe to the stopcock with sterile heparinized saline and withdraw back to ensure the correct positioning. If blood is easily withdrawn, the position is correct.

3.3.3. Connect a syringe with 5 mL of lutetium-labeled microspheres (concentration: 2.5 million microspheres/mL) to the three-way stopcock.

3.3.4. Assign an operating room assistant to time for 90 s.

3.3.5. Begin femoral artery blood withdrawal via the Harvard Apparatus pump for a total of 10 mL of blood at a rate of 6.67 mL/min and begin timing.

3.3.6. Over the first 30 s of blood withdrawal, inject the lutetium microspheres into the left atrial appendage (Figure 4). Halfway through, confirm positioning by withdrawing on the syringe containing microspheres.

3.3.7. Once this is complete, flush the tubing with a syringe of heparinized saline and again ensure correct positioning. 

3.3.8. After 90 s, disconnect the tubing from the femoral access to the withdrawal pump and reconnect the new tubing to obtain analysis during pacing.

3.3.8. Begin pacing to 150 bpm. 

3.3.9. Repeat steps 3.3.5, 3.3.6, and 3.3.7 using 5 mL of samarium-labelled microspheres (concentration: 2.5 × 106 microspheres/mL).

3.3.10. Stop pacing and disconnect the femoral arterial sheath from the Harvard Apparatus withdrawal pump. 

3.3.11. Remove the butterfly needle and apply pressure to ensure hemostasis of the left atrial appendage.

3.4. Pressure-volume loop catheterization

3.4.1. Place a purse string suture at the left ventricular apex with a 4-0 polypropylene.

3.4.2. In the middle of the area encompassed by the suture, access and place another arterial sheath in the left ventricle using the Seldinger technique described above. 

3.4.3. Insert a calibrated micromanometer-tipped pressure-volume transduction catheter into the left ventricle via the sheath. Pull the arterial sheath out of the left ventricle over the catheter and begin transducing the pressure waveform using the Pressure-Volume Measurement System. This will inform the location of the catheter, for example, if the catheter is in the aorta, valve complex, or the left ventricle. Draw back on the catheter as necessary to ensure it is in the left ventricular cavity and reposition it to ensure the pressure-volume loop morphology appears appropriate (Figure 5).

NOTE: Removing the sheath from the left ventricle allows for better transduction of the pressure-volume tracing from the catheter and allows more ease in changing the catheter’s position to obtain the most appropriate morphology of each PV loop.

3.4.4. Place another calibrated PV catheter in the femoral access to obtain systolic and diastolic blood pressure and mean arterial pressure.

3.4.5. Once satisfied with the morphology of the PV loops, perform three breath holds at rest to reduce respiratory variation on the pressure-volume loops. This will measure several load-dependent variables, such as cardiac output and stroke volume.

3.4.6. Following that, occlude the IVC by gently retracting the vessel loop and perform a simultaneous breath hold to obtain load-independent variables, such as end-systolic pressure volume relationship (ESPVR) and end-diastolic pressure volume relationship (EDPVR). Repeat two more times.

3.4.7. Begin pacing to 150 bpm and obtain three breath holds to characterize cardiac performance under stress conditions.

3.4.8. This completes the profiling of cardiac function. Remove both catheters and tie down the purse string suture on the left ventricle.

3.5. Beating euthanasia 

3.5.1. Remove the pacing leads and all instruments from the chest. 

3.5.2. Obtain suction for the co-surgeon. 

3.5.3. Bluntly dissect any lateral adhesions of the heart to the chest wall and ensure the left ventricular apex can be easily lifted superiorly. 

3.5.4. Ask anesthesia to deepen sedation.

3.5.5. Place a large Kelley clamp on the superior vena cava (SVC), if this is easily accessible, and a large Satinsky clamp around the IVC. Clamp at the same time.

3.5.6. Immediately take a #10 scalpel to remove the heart from the chest. This includes separating the heart from the IVC, SVC, aorta, pulmonary arteries, and pulmonary veins.

NOTE: The co-surgeon should provide suction to keep the surgical field as clear as possible during this time.

3.5.7. Deliver the heart from the chest and place on a separate table. 

3.5.8. Cut in two halves: apical and basal (Figure 6A). This will separate the ventricular tissue from the atria and great vessels.

3.5.9. Separate the left ventricle from all other myocardial tissue.

3.5.10. Each half should be circumferentially sectioned into twelve sections based on proximity to the left anterior descending coronary artery (LAD) and the posterior descending coronary artery, as depicted in Figure 6B.

3.5.10. Collect tissue samples from all other chambers, valves, great vessels, and peripheral tissue, such as the pancreas, liver, lung, kidney, etc.

3.5.11. A small sample from each left ventricular section should be allocated to BioPAL for microsphere quantification. Certain sections are fixed in formalin for histological analysis, while a majority of tissue is snap frozen in liquid nitrogen for future molecular studies.

REPRESENTATIVE RESULTS:
First, by injecting isotope-labelled microspheres into the left atrial appendage, regional myocardial perfusion is measured. To calculate the myocardial blood flow, when a constant rate of blood withdrawal of 6.67 mL/min was utilized, the following equation can be applied: myocardial blood flow = (reference blood withdrawal [6.67 mL/min]/weight of tissue)  (quantified tissue microsphere count/quantified blood reference microsphere count). Simply put, the ratio of measured microspheres in a specific myocardial section to that quantified in the blood when collected at a specific rate derives the subsequent rate of blood flow to that section of myocardium. The amount of microspheres is calculated by BioPAL once the tissue and blood are dried out. Lutetium is used at resting heart rate and samarium when paced. The use of samarium when pacing the heart is crucial in the protocol, as prior studies have found that the collateral vasculature developed over a 7 week time course may be sufficient to restore blood flow at rest; however, may not be robust enough when stressed10. This is an important physiological marker as it indicates the onset of angina in humans. Taken together with the myocardial perfusion mapping using gold microspheres during the first surgery, relative myocardial blood flow to the most ischemic area portrays an important characterization of collateral formation produced by an investigational therapy. This is further augmented by histological evaluation of arteriolar and capillary densities within the myocardium. Table 1 illustrates the raw data collection of the quantification of microspheres in each segment for lutetium, samarium, and gold with subsequent calculation of myocardial blood flow.    

The subsequent measurements obtained using PV loop catheterization include load-dependent variables, such as cardiac output (CO), stroke volume (SV), stroke work (SW), ejection fraction (EF), the maximum rate of pressure generation (dP/dtmax), the minimum rate of pressure generation (dP/dtmin), and the exponential decay of ventricular pressure during isovolumetric relaxation (Tau). Additionally, by occluding the IVC, venous return is obstructed to the heart, causing the PV loop to shift leftwards over a range of decreasing ventricular preloads. With each loop establishing its own unique end-systolic and end-diastolic point, the points can be used to create a linear relationship to determine ESPVR and a curvilinear relationship to determine EDPVR. These measurements characterize the contractility and the compliance of the ventricle. ESPVR and EDPVR are key for further characterizing the energetics of the heart, which illustrates how efficiently the heart is working. This is measured as the external work (EW) of the heart as well as its potential energy (PE), which in summation equates to the pressure-volume area (PVA). PVA is directly proportional to the myocardial oxygen consumption of the heart. This broad range of hemodynamic parameters obtained by PV loop catheterization is why our lab has consistently utilized this technique over other non-invasive modalities. 

Notably, the PV loop measurements are first taken at resting heart rate in triplicate or more, depending on PV loop morphology, ensuring the reproducibility of the model. Table 2 demonstrates typical results from the data analysis of the PV loops with the load-independent variables highlighted. We have found our control swine typically have a mean ejection fraction (EF) ~30–35%, which is about half of normal swine. Previously, our group utilized cardiac MRI at the time of ameroid placement and again at terminal harvest, showing a decline in function due to the ameroid11,12. Additionally, the cardiac MRI characterized regional wall motion abnormalities typically found in the lateral and posterior portions of the left ventricle. Other studies have demonstrated that the use of ameroid constrictors around the proximal LCx affects approximately 20% of the myocardium13. Taken altogether, it likely accounts for the lower EF observed during the terminal harvest. This is directly followed by pacing the heart to 150 bpm and similarly obtaining PV loop measurements. Pacing provides cardiac functional changes during physiological stress to the heart. Table 3 highlights the hemodynamic measurements obtained. 

Importantly, after completing the analysis of regional myocardial perfusion and real-time ventricular function, the heart is excised and thoroughly sectioned for future analysis. An essential component of our protocol includes utilizing high-throughput technologies to characterize molecular phenotypes and responses to experimental therapies. Our lab has previously utilized proteomic analysis to delineate certain molecular pathways that are affected by any given treatment11-16. Ongoing studies are integrating proteomic and metabolomic analyses to further evaluate the myocardial alterations in response to therapy. 

FIGURE AND TABLE LEGENDS:
Figure 1: Lateral view of the heart. Illustration of expected anatomy at time of harvest, including ameroid constrictor on the proximal LCx and predicted area of chronic ischemia at the lateral and posterior portion of the heart. Abbreviations: LCx = left circumflex coronary artery; LAD = 
LAD = left anterior descending coronary artery.

Figure 2: Incisions. (A) Depiction of the correct location of incision for the femoral groin cut down. (B) Incision for the median sternotomy. The swine depicted has an IV in its right auricular vein and an ECG monitoring lead on the left lateral chest. 

Figure 3: The femoral artery accessed with a 7F arterial sheath connected to the Harvard Apparatus withdrawal pump. 

Figure 4: The microsphere injection setup. A full overview of the setup, in which the butterfly needle is within the left atrial appendage and connected via IV tubing and a three-way stopcock to a syringe with the microspheres and a syringe with saline. The zoomed image on the left displays the butterfly needle (cannot visualize) as it is in the left atrial appendage. The individual is securing it in place using a hemostat, and there is clearly bright red blood within the IV tubing confirming the needle’s placement in the atrium. The zoomed image on the right displays the pink microspheres attached to a three-way stopcock as well as a heparinized saline flush. 

Figure 5: Pressure-volume loop catheterization. (A) Initial access into the left ventricle showing a 7F arterial sheath in the left ventricular apex at the center of the purse string. (B) The catheter is positioned within the left ventricular cavity with the arterial sheath moved out of the ventricle. (C) Representative image of the PV loop transduction software. To the left is shown an ideal PV loop morphology. The screen to the right depicts accurate pressure waveforms that are representative of the catheter being properly positioned within the left ventricle. Abbreviation: PV = pressure-volume. 

Figure 6: Sectioning of the left ventricle. (A) Sectioning the left ventricle into halves: (A) the apical half and (B) the basal half. (B) Subsequent circumferential sectioning of each half. Begin sectioning at the LAD and move around the myocardial tissue away from the right ventricular wall. In the basal half, section 3 is roughly the LCx territory and typically the most-ischemic area. Abbreviations: RA = right atrium; LA = left atrium; LCx = left circumflex coronary artery; LAD = left anterior descending coronary artery; RV = right ventricle; PDA = posterior descending coronary artery.

Table 1: Raw quantification of tissue and blood levels of samarium, lutetium, and gold. On the far right, the myocardial blood flow is calculated for each section, both at rest with lutetium and when paced to 150 bpm with samarium. Highlighted in blue represents the most ischemic tissue, illustrated by zero quantified gold microspheres in that section. Highlighted in yellow is the least ischemic section, which has the most quantified gold microspheres. 

Table 2: Results from pressure-volume loop catheterization while at rest. This depicts load-dependent measurements, such as stroke work and cardiac output. Highlighted in blue are the load-independent variables representing end-systolic pressure volume relationship and end-diastolic pressure volume relationship. Abbreviations: SW = Stroke Work; CO = Cardiac Output; SV = Stroke Volume; Ves = End-systolic volume; Ved = End-diastolic volume; Pmean = Mean Pressure. Pes = End-systolic Pressure; Ped = End-Diastolic Pressure; HR = Heart Rate; EF = ejection fraction; Ea = Arterial Elastance; PowMax = Maximum Power; dP/dt max = Maximum Derivative of Power; dP/dt min = Minimum Derivative of Pressure; dV/dt max = Maximum Derivative of Volume; dV/dt min = Minimum Derivative of Volume; PVA = Pressure-Volume Area; PE = Potential Energy; CE = Cardiac Efficiency; Tau = Isovolumetric Relaxation Constant; PRSW = Preload Recruitable Stroke Work.  

Table 3: PV loop analysis when paced to 150 bpm. The heart rate is highlighted in grey. Variables are the same as in Table 2, with the exception of preload-independent variables. 

DISCUSSION:
This surgical procedure has four critical steps: exposure of the heart, femoral catheterization, microsphere injection for perfusional analysis, and pressure-volume loop acquisition. In regard to exposing the heart, an important consideration should be the possibility of encountering significant adhesions due to the first surgical procedure. When performing the median sternotomy, the pericardium may be adhered to the chest wall, which should be bluntly swept before starting the sternotomy. When approaching the latter one-third of the sternum, it becomes significantly thicker and angles sharply downward. A helpful maneuver may be placing gauze underneath this portion of the sternum to create more separation between the Lebsche knife and the underlying great vessels and innominate vein. If the innominate vein is sheared during the process, first apply pressure and suction to clear the field. Once the injury is identified, the side wall can be repaired with polypropylene suture, or the vessel can be ligated with silk suture. Additionally, it may be difficult to expose both atrial appendages and the left ventricular apex. Careful dissection, typically with Metzenbaum scissors, peanut sponges on an Allis clamp, and finger sweeping, should reduce the risk of iatrogenic injury to the heart.

During the femoral catheterization, accessing the vessel with a needle can cause immediate dissection of the vessel. By creating a false lumen, it can be nearly impossible to then access the vessel using the Seldinger technique. If this occurs, we have found the easiest option is to clamp the distal portion of the femoral artery, sharply cut a normal appearing portion of the vessel while maintaining proximal control with the vessel loop, and place a guidewire in the true lumen of the femoral artery. This eliminates the need to access the other groin, and the procedure can continue without significantly additional surgical time. Following this, we perform microsphere injections. During the injection of each type of microsphere, the access within the left atrial appendage is double-checked by withdrawing on the syringe containing microspheres and ensuring blood within the tubing. If this access is compromised, we utilize a different type of microsphere, such as lanthanum, ytterbium, or europium, after reestablishing access within the appendage. Finally, the left ventricle is accessed, and a catheter is placed directly within the ventricle. We have found this technique of direct ventricular catheterization to be the most reliable, as opposed to percutaneous access. Percutaneous access, whether that be via the femoral artery or carotid artery, is clearly advantageous in that it is less invasive; however, it can cause arterial dissections, thrombosis, and undo arrhythmogenesis with forward advancement. Additionally, it is more difficult to confirm the correct placement of the catheter and often requires fluoroscopy. For these reasons, we have found direct left ventricular catheterization at the apex reliable, quick, and safe. Furthermore, this section of myocardium is part of the non-ischemic territory and is often not included in the sectioning for further studies. The morphology of the pressure-volume loop is essential to obtaining reproducible and reliable results. The typical shape resembles that of a tombstone. There can be significant artifacts when the catheter bumps against the left ventricular free wall and/or the septum. Luckily, the system allows for real-time feedback, so repositioning the catheter can optimize the morphology and thus, the reliability of the analysis of left ventricular function.

The importance of microsphere injections to determine regional myocardial blood flow and PV loop catheterization in our protocol cannot be overstated; however, both have limitations. These techniques are highly invasive and do not allow for longitudinal studies, unlike less invasive methods such as echocardiography and cardiac MRI. The simplicity and widespread utilization of echocardiography make it the most commonly employed imaging technique, allowing for serial measurements of cardiac function after induction of ischemia and response to treatment17. Moreover, cardiac MRI can similarly acquire longitudinal analysis at the time of the surgical procedures while reducing variations created by different operators and accurately measuring myocardial blood flow, wall thickness, and functional parameters18. We have previously employed these methods; however, we favor PV loop analysis for its ability to quantify load-independent measurements, and consequently, cardiac energetics and efficiency. 

In totality, we generate a broad range of data. Initially, the left ventricular myocardium is mapped to differentiate between ischemic and non-ischemic sections, followed by determination of regional blood flow to the previously mapped sections. Additionally, the quantitative cardiac functional status is derived from PV loops. Finally, comprehensive tissue analysis is performed using molecular, histological, and high-throughput techniques to account for the mechanistic changes in response to treatment. This is our main reasoning for performing beating euthanasia and not using alternative options, such as potassium chloride (KCl). Our goal is to maintain the cellular integrity of the myocardium, in which administration of KCl can affect myocardial ion gradients, ATP levels, and downstream signaling cascades, potentially confounding further cellular studies. Over the past two decades, our lab has progressively scrutinized and refined this physiologically relevant surgical model, and it is our hope that other researchers can draw on our experience to advance cardiovascular research. 
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