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SUMMARY: 
This protocol aims to provide a feasible, closed-chest porcine protocol to serially quantify load-independent LV contractility by fixing V0 and computing single-beat Ees, eliminating repeated IVC occlusions to enhance safety and stability in hemodynamically fragile, acute experiments.

ABSTRACT:
The end-systolic pressure–volume relationship (ESPVR) is widely regarded as the gold standard, load-independent descriptor of left-ventricular (LV) contractility. Practically, ESPVR is often approximated as a straight line defined by its slope - end-systolic elastance (Ees), a direct index of contractile state - and its volume-axis intercept (V₀), the theoretical LV volume at zero pressure. In vivo, ESPVR is classically derived from serial inferior vena cava (IVC) occlusions performed with simultaneous LV pressure–volume (PV) catheter monitoring. However, in disease states such as cardiogenic shock, the requisite preload depletion may provoke reflex tachyarrhythmias and transient or sustained hemodynamic instability, limiting feasibility and interpretability. Thus, methods for in vivo assessment of inotropy during hemodynamically fragile states are warranted.
Therefore, this protocol aims to describe a practical experimental model in which V₀ is determined once under stable baseline conditions and then held fixed for subsequent, single-beat Ees estimation from LV PV loops. This approach, detailed step-by-step for use in large-animal studies, allows continuous serial assessment of contractility without repeated IVC occlusions. In a porcine cardiogenic shock model, it reliably tracked load-independent changes in myocardial performance while avoiding arrhythmias and hemodynamic instability otherwise provoked by preload reduction. The method is therefore well suited for acute, closed-chest experiments in which the ventricular geometry remains unchanged, and contractility primarily modulates the ESPVR slope rather than its intercept. Nonetheless, the fixed-V₀ assumption represents a methodological simplification that introduces deliberate systematic error and should only be applied when repeated preload manipulation is impractical or unsafe. When structural remodeling, LV dilation, or marked thoracic pressure changes occur, V₀ must be re-estimated. Overall, this protocol provides a feasible and physiologically sound approach for serial contractility assessment in unstable large-animal models, balancing methodological rigor with experimental safety and practicality.

INTRODUCTION:
Left ventricular (LV) contractility is the intrinsic ability of myocardium to generate pressure independent of loading conditions1–3. It is a critical determinant of cardiac stroke volume, cardiac output, and blood pressure. Hence, when suffering from acute myocardial ischemia, the heart may quickly lose contractility4. Thus, impaired myocardial contractility may cause acute heart failure and cardiogenic shock (CS)5. Hence, CS results in hypotension and inadequate organ perfusion, leading to high mortality (30%–50% in-hospital) despite aggressive therapy5,6. Common medical therapies involve inotropic agents such as norepinephrine, dobutamine, and milrinone that increase contractility but may also directly affect the vascular tonus7. Assessment of contractility is of particular interest when investigating new pharmacological treatments, when evaluating disease severity, or when working with experimental models. 

[bookmark: _Hlk216254640]Traditional metrics like LV ejection fraction or dP/dt(max) are load-dependent and can misrepresent the true contractile state when preload or afterload changes. This underscores the value of load-independent indices of contractility such as end-systolic elastance (Ees), which can more reliably track myocardial performance1. 

[bookmark: _Hlk216254498]In vivo methods for assessing contractility have therefore been developed, with pressure–volume (PV) analysis considered the gold standard in experimental research8. The classical in vivo approach to quantify Ees is to perform an inferior vena cava (IVC) occlusion to gradually and transiently reduce preload. By recording concomitant end-systolic pressure (ESP) and end-systolic volume (ESV) points during this preload reduction, a regression line of ESPVR can be fitted, and its slope, Ees, determined, with the x-intercept of that line defined as V₀ - the theoretical volume at zero pressure generation. However, in fragile states, such as CS, even a brief IVC occlusion can cause severe hypotension, arrhythmias, or further compromise end-organ perfusion in an already critically low cardiac output state, limiting feasibility and interpretability. 

[bookmark: _Hlk216254313][bookmark: _Hlk216254842][bookmark: _Hlk216262584]In the present study protocol, a practical alternative to the traditional IVC occlusion method for use in acute, closed-chest experiments is presented, where a single IVC occlusion is performed under stable baseline conditions to determine the volume-axis intercept V₀. This value is then assumed constant for subsequent single-beat Ees estimations. This approach builds on evidence from isolated and intact animal studies showing that acute inotropic changes primarily alter the ESPVR slope (Ees)while the intercept remains largely stable2,9,10. By avoiding repeated occlusions, the method minimizes arrhythmias and hemodynamic instability while preserving precise, load-independent assessment of LV contractility. In this protocol, this strategy is applied in a closed-chest porcine model of CS using an admittance-based PV catheter, based on experiences from previous studies4,8,11–16. While this fixed-intercept approach is intended for acute, closed-chest experiments with stable ventricular geometry, its applicability is limited in settings with evolving chamber size, altered thoracic pressures, or structural remodeling; these practical constraints should be considered when evaluating the method's suitability for a given study. Unlike prior single-beat or model-based approaches, this protocol determines V₀ empirically under stable baseline conditions and then applies it throughout the experiment, offering a safer and more feasible alternative for serial, load-independent contractility assessment in hemodynamically fragile large-animal models.

PROTOCOL:
This protocol is approved by the Danish Animal Research Inspectorate (permit no: 2023–15–0201–01466, issued on 19/06–2023). Female Danish Landrace pigs of approximately 60 kg were used. The reagents and the equipment used are listed in the Table of Materials.

1. Anesthesia and ventilation

1.1. Pre-anesthetize the pig with intramuscular injection of anesthetic mix 1 mL/kg, containing 25 mg/mL tiletamine, 25 mg/mL zolazepam, 2.5 mL butorphanol (10 mg/mL), 1.25 mL veterinary ketaminol (100 mg/mL), and 6.25 mL veterinary xylazine (20 mg/mL). 

NOTE: Pre-anesthetic administration will reduce stress, nociception, and catecholamine release during transport.

1.2. Transport the animal from farm facilities to research facilities.

1.3. Establish intravenous (I.V.) access in a marginal ear vein using an 18-20 G venous catheter (Figure 1). Fixate the I.V. catheter using appropriate tape or plaster material. Flush with 10 mL saline to ensure correct placement. 

NOTE: A subcutaneous bulge may appear following a saline flush if the catheter is not correctly placed. Consider placing an additional back-up I.V. access in the opposite ear in case of displacement. 

1.4. Attach a pulse oximetry sensor for early monitoring of arterial oxygen saturation. 

NOTE: In case of hypoxia with oxygen saturation below 90%, administer 100% oxygen via facemask over the snout of the pig until normoxia is restored. Ensure sufficient oxygen saturation before moving on to step 5. 

1.5. Place the pig in supine position on the operating table. Intubate the pig with a 7.5–8.0 mm internal diameter tracheal tube using direct laryngoscopy. Confirm correct tube placement by observing persistent expiratory carbon dioxide on the ventilator. Inflate the cuff on the endotracheal tube and secure the tube to the snout.

1.6. Adjust the ventilator settings and begin positive-pressure ventilation using the following settings:

1.6.1. Pressure-controlled, volume-gated ventilation setting.

1.6.2. Tidal volume 8 mL/kg.

1.6.3. Positive end-expiratory pressure of 5 cmH2O. 

1.6.4. Titrate inspired fraction of oxygen to normoxia, e.g., arterial oxygen saturation >94%. 

1.6.5. Titrate respiratory rate to normocapnia, e.g., arterial CO2 partial pressure 4.5–5.5 kPa. 

1.7. Initiate and maintain general anesthesia through the I.V. access using propofol at 3.5–4.5 mg/kg/h and fentanyl at 12.5–15.5 µg/kg/h. Assess anesthetic depth by the absence of corneal and ciliary reflexes and lack of response to noxious stimulation. 

CAUTION: Do not leave animals unattended at any point. Ensure that all experiment staff have the correct education and can perform correct monitoring of anesthetic depth. 

1.8. Attach a 3-lead ECG (right forelimb, left forelimb, left hindlimb). 

1.9. Place a urinary catheter in the urinary bladder and connect the external end to a sampling bag. 

1.10. Monitor core temperature using a rectal probe. 

NOTE: The normal body core temperature in an adult pig is 38.5–39.5 °C17. Hypothermia should be corrected using active warming devices, e.g., using heated blankets to prevent hypothermia-induced modification of hemodynamics or arrhythmias. 

2. Ultrasound-guided intravascular access

2.1. Establish the following intravascular accesses using ultrasound guidance and the Seldinger technique. These accesses will allow for a single beat Ees assessment.

2.1.1 Insert an 8 Fr sheath in a common carotid artery. 	Comment by Oskar Kjærgaard Hørsdal: These are most important for this paper!

NOTE: This sheath will be used to introduce the LV PV catheter. 

2.1.2 Insert a 12 Fr sheath in a femoral vein. 

NOTE: This sheath will be used to introduce the IVC occlusion balloon. 

2.2. Establish the following intravascular accesses using ultrasound guidance and the Seldinger technique. These accesses will allow for hemodynamic monitoring.

2.2.1 Insert a 7 Fr sheath in a femoral artery. 

NOTE: This sheath will be used for invasive blood pressure monitoring. Invasive arterial blood pressure may also be measured elsewhere, such as a limb artery. 

2.2.2 Insert an 8 Fr sheath in an external jugular vein. 

NOTE: This sheath will be used for the insertion of a pulmonary artery catheter and for the assessment of pulmonary artery pressures. 

2.3. Establish intravascular accesses needed for the desired disease model. In this case, the following intravascular access is established. 	Comment by Oskar Kjærgaard Hørsdal: This is less relevant for this paper, but may be included in video for “representative results”.

2.3.1 Insert an 8 Fr sheath in the opposite common carotid artery as in step 1.1. This sheath will be used for coronary catheterization and embolization, which will induce CS. 

NOTE: Further accesses can be established according to the study protocol. 

2.4. To ensure correct placement of intravascular sheaths, draw blood from each sheath using a 10 mL syringe. A correctly placed sheath will have no resistance when blood is aspirated nor when flushed with saline.

2.5. Suture all sheaths to the skin and connect all sheaths to relevant monitoring systems. 

NOTE: Sheaths should be frequently flushed to avoid blood clotting inside the sheaths. Alternatively, depending on the study protocol, pigs may be heparinized. 

2.6. Following pressure-calibration according to the manufacturer’s instructions, place the LV PV catheter as previously described8 (Figure 1). In brief, placement of the catheter involves the following.

3. Left ventricular pressure-volume catheter and inferior vena cava balloon placement

3.1 Before insertion of the PV catheter, perform blood resistivity calibration for each animal. 

3.1.1. Draw blood into a 0.5 mL cryogenic vial. Perform a blood resistivity measure using the calibration probe immediately upon blood collection. 

3.2. Insert LV PV catheter through an 8 Fr carotid sheath. During low-dose fluoroscopic guidance, follow the pigtail of the LV PV catheter to the aortic valve. Advance through the aortic valve during systole. 

NOTE: There should be no resistance at any point during advancement of the LV PV catheter.
 
3.3. Place the tip of the LV PV catheter as close to the LV apex as possible. 

3.4. Follow the protocol from the manufacturer to choose the relevant number of recording volume segments to optimize the LV PV catheter positioning based on the recorded phase and magnitude signals. 

NOTE: The catheter's location is very important for data collection. The location can be confirmed using fluoroscopic guidance. However, confirmation of correct positioning may also be done using the phase values. The signal should have a mean value <10° and a periodic shape. During PV catheter placement, the correct segment should be selected. In the initial configuration (segment 1), electrodes 1 through 4 are active. In this position, the measured volume is often underestimated, typically because the electrodes lie too far from the aortic valve. In segment 2, electrodes 1, 2, 4, and 5 are active; depending on ventricular dimensions, this configuration can still produce low-volume signals. When advancing to segment 3, electrodes 1, 2, 5, and 6 are used, which, in adult pigs, generally yield physiologic volumes and appropriately shaped PV loops. Further advancement to segment 4 (electrodes 1, 2, 6, and 7) may extend the sensing field beyond the ventricular length, producing inaccurate signals in smaller hearts.

3.5. Insert the IVC balloon through the 12 Fr femoral vein sheath and advance the balloon to the diaphragm level guided by fluoroscopy. 

NOTE: The experiment can be paused at this level to stabilize hemodynamics before the research protocol begins. Abnormal hemodynamic, ventilatory, and electrolyte values may be corrected at this step. A stabilization period of 1–2 h is often sufficient13–16.

4. Baseline measurements and determination of V0

4.1. In a healthy baseline, following instrumentation as described, perform calibration of all equipment, including the LV PV catheter as described by the manufacturer, and as thoroughly described elsewhere8. 

NOTE: Both pressure and volume should be calibrated depending on whether the catheter uses admittance- or conductance-based technologies. Pressure calibration should be performed prior to insertion of the catheter. In brief, calibration involves the following steps:

4.1.1. Perform pressure calibration prior to in vivo insertion of the LV PV catheter.

4.1.2. Ensure stable sinus rhythm. 

4.1.3. When using admittance technology-based catheters, use stroke volume derived from the pulmonary artery catheter for volume calibration.  

NOTE: Baseline volume-calibration scan should be performed during transient end-expiratory apnea.

4.2. Perform a transient end-expiratory breath hold for the duration of 10–15 cardiac cycles for obtaining baseline values. 

NOTE: Following each end-expiratory breath hold, let the animal recover until normalization of hemodynamic values such as heart rate and blood pressure, as well as respiratory values such as arterial oxygen saturation and end-expiratory CO2. 

4.3. For determination of V0, perform the following steps:

4.3.1. Do another end-expiratory breath-hold and wait a few heartbeats before slowly inflating the IVC balloon until the LV pressure is below 50 mmHg. Deflate the balloon quickly and resume ventilation. 

NOTE: This procedure will progressively decrease the LV preload, and PV loops must demonstrate progressive leftward and downward shift during preload reduction1–3 (Figure 2A and Figure 3A). 

4.3.2. Allow animals to recover as in step 4.2, following each IVC occlusion and breath-hold. This usually takes 2–3 min. Perform an additional two rounds of IVC occlusion. Ensure stable sinus rhythm. 

NOTE: Occasionally, the inflation of the decrease in preload may induce arrhythmias or ventricular extrasystoles, which may disturb blood flow and thus create difficulties in data analysis. In this case, perform a slower inflation of the IVC balloon. Three independent occlusions without arrhythmias should be performed. 

4.3.3. Following the three occlusions, no further IVC occlusions are necessary. The IVC balloon catheter may be removed.

[bookmark: _Hlk216258739]4.4. In LabChart 8 Pro, open the built-in PV Loop Module. In Analyze, select Occlusion. Manually select sequential loops during preload reduction for analysis. Exclude ectopic beats and adjacent cycles. Apply linear or quadratic fit using the dropdown menu. 

NOTE: V0 may be calculated directly after the baseline measurements, or during post hoc data analysis.  For each retained cycle during the preload reduction, ESP and ESV are identified using the module’s standard definitions.
 
4.4.1. Use the built-in function of the software to analyze the selected cardiac cycles. 10 loops should be analyzed during progressive preload reduction. Screen all heartbeats and manually exclude ectopic beats or artifacts and retain only monotonic, smoothly evolving loops. If preferred, automated data cleaning methods have been described18. 

NOTE: During IVC occlusion, the LV is prone to arrhythmias. In case of supraventricular or ventricular ectopic beats, these beats should be removed together with the prior and the following heartbeat (Figure 2B). Furthermore, dependent on heart rate, IVC occlusion may trigger baroreceptor reflexes, which can influence inotropy. 

4.4.2. For retained heartbeats, manually ensure that the built-in function of the software correctly identifies the end-systolic pressure and volume. 

[bookmark: _Hlk216271415]4.4.3. Fit the ESPVR line. 

[bookmark: _Hlk216258679]NOTE: Primarily, a linearly fitted ESPVR line may be used1,2 (Figure 2A). However, the line of ESPVR may be curvilinear1,19–21 (Figure 3). If the ESPVR is visibly curvilinear, apply an accepted nonlinear fit to the ESPVR, e.g., quadratic regression using the dropdown menus19,21,22. Analysis software such as LabChart 8 Pro allows for multiple options. When the ESPVR visually follows a straight line, a linear least-squares fit should be applied; when curvilinearity is evident, a quadratic fit may be used. 

CAUTION: Selection of linear versus quadratic ESPVR fitting should be guided by both objective goodness-of-fit from the built-in module and visual inspection of the ESPVR shape. Predefined decision rules should be applied, e.g., a quadratic model may be preferred if it improves the adjusted R² by ≥0.05 compared with the linear fit (Figure 4)23; however, visual inspection of loop morphology and residual patterns must always be performed to confirm physiologically plausible curvature. Small numerical improvements in R² without consistent visual evidence of curvilinearity should not justify the use of nonlinear fitting.

4.4.4. Compute the V0 from the fitted ESPVR line, linear or curvilinear, as the intercept with the X-axis.

NOTE: Model form and goodness-of-fit should be documented. When significant convexity of the ESPVR is observed, linear fits can underestimate true elastance at higher pressures and overestimate it at lower pressures (Figure 4). In these cases, quadratic fitting is recommended for V₀ determination as described in step 4.3. Although single-beat Ees estimation is necessarily linear, awareness of ESPVR curvature is essential, as nonlinear behavior may influence serial measurements, particularly during large afterload changes. 

4.4.5. Repeat the approach across the three independent occlusions and take the mean of the three V0 measurements. 

NOTE: Negative V0 does not imply a physically meaningful negative ventricular volume; rather, it reflects the limitations of the linear ESPVR model and the underlying nonlinearity of ventricular mechanics, especially at low volumes and pressures. The occurrence of negative V0 is more frequent in ventricles with high contractility and especially when linear fits are applied over higher-load ranges. 

4.5. Calculate Ees as the slope of the line between the V0 and the mean end-systolic pressure and volume point from step 2. 

[bookmark: _Hlk216256544]NOTE: At this point, baseline measures have been performed, and the relevant disease model may now be applied. The experiment can be paused at this level to ensure normal hemodynamics, ventilatory parameters, and electrolytes. 

5. Induction of ischemic cardiogenic shock

NOTE: This protocol describes how Ees may be estimated without additional IVC occlusions in a model of ischemic CS, as described4,11–14. A detailed protocol for this disease model is beyond the scope of this protocol and may be found elsewhere24. In brief, CS is induced as follows:

5.1. Produce a stock suspension of embolization particles by mixing 0.125 g microspheres with 5 mL iodinated contrast and 5 mL 0.9% saline, yielding a total volume of 10 mL. Gently agitate the suspension before and during use, and inject in 1 mL aliquots through the coronary guide catheter (Figure 5).

5.2. Place a coronary guide catheter (5–7 Fr, e.g., JL 3.5) through an arterial sheath in a carotid artery (see step 2) into the ostium of the left coronary artery. 

5.3. Induce myocardial ischemia and CS by stepwise intracoronary microembolization of the left main coronary artery using commercial polyvinyl alcohol embolization particles. After each injection, allow hemodynamics to stabilize for 2–5 min, and repeat injections until either thermodilution cardiac output or mixed venous oxygen saturation is decreased by 30% relative to baseline (Figure 6). 

NOTE: Successful induction of CS is confirmed by narrowing of PV loops and rightward shift of end-systolic volume, reflecting an abrupt decrease of contractility4,9.

6. Serial single-beat determination of Ees throughout the study
[bookmark: _Hlk216258693]
NOTE: PV data may be analyzed using LabChart 8 Pro or another similar software that includes a dedicated PV-loop analysis module. All recordings should be visually inspected to ensure stable sinus rhythm and the absence of signal drift. Individual cardiac cycles are automatically segmented by the software and should be subsequently reviewed manually. Ventricular extrasystoles, as well as the beat immediately preceding and the beat immediately following the ectopic cycle, should be excluded, as the loading conditions are transiently altered across all three beats.

6.1 After defining a subject-specific V0 at baseline (see prior section), perform single-beat estimation of Ees without additional IVC occlusions. 

6.2. At each timepoint, perform three consecutive end-expiratory breath holds for 10–20 cardiac cycles while recording PV loops. For each time point, based on the breath-hold periods, the mean ESP and ESV are defined. 

NOTE: Ensure a stable sinus rhythm during the transient apnea periods. Each individual loop morphology should be carefully inspected. Loops should be included only if they represent a physiologically plausible ventricular cycle with stable loading conditions and realistic ventricular pressure generation. Ectopic beats, beats immediately preceding and following ectopy, should not be included in the analysis (Figure 2). For detailed protocols on beat selection, please see published methodological guidance8,18. 

CAUTION: A high PEEP may influence venous return and loading conditions12. Ensure that loops are falling on top of each other, indicating equal loading conditions. Although approximately 10 loops are generally sufficient for ESPVR analysis, a longer IVC-occlusion recording may occasionally be required to confirm that no further leftward shift of the end-systolic points occurs while pressure continues to decrease (Figure 2, Figure 3, and Figure 4).

6.3. Calculate Ees for each time point using the fixed V₀ and mean ESP and ESV values from the breath hold PV loops() 2. 

NOTE: For the rest of the protocol, V0 is held constant while ESP and ESV may vary between timepoints according to study protocol and interventions. Thus, no effect of loading or contractile state can influence V0, only Ees. 

REPRESENTATIVE RESULTS:
The instructions above present a protocol to derive Ees on a single-beat basis, keeping the theoretical volume of zero pressure generation, V0, constant. This section presents data from two studies conducted in our labs. First, a separate pilot study was conducted to examine the development of V0 and Ees following CS induction. Second, in a large dataset of 30 pigs included in previously published studies, the ischemic model of CS are presented4. 

Study 1
In this unpublished pilot series, CS was induced, and cardiac output decreased by 32.5%. Following CS induction, an IVC balloon and a PV catheter were placed. PV measurements with IVC occlusions were performed to assess the stability of V0 over time. In linear mixed-effects modelling with random intercepts for subject, no significant temporal change in V0 was observed (P=0.61), indicating that V0 remained stable throughout the observation period after CS induction (Figure 7). Furthermore, the performance of fixed V0 single-beat Ees (as described in this protocol; average of three times 10–20 loops during end-expiratory transient apnea) against traditional IVC occlusion (average of three consecutive IVC occlusions during end-expiratory transient apnea) was evaluated. Agreement between the two methods was assessed using Bland-Altman analysis, which demonstrated a systematic difference in absolute values (≈-0.4 mmHg/mL), indicating that the two methods are not directly interchangeable for precise estimation of absolute Ees values (Supplementary Figure 1A). Whether the fixed V0 Ees method could capture meaningful physiological patterns over time was assessed. Mixed-effects analysis showed no significant method-by-time interaction (P=0.12), indicating preserved temporal trends between fixed-V₀ single-beat Ees and IVC-occlusion-derived Ees despite systematic differences in absolute values. This suggests that while the fixed V0 approach cannot replicate IVC occlusion-derived Ees for absolute quantification, it is suitable for describing relative changes and temporal patterns in Ees in repeated-measures and group-level analysis (Supplementary Figure 1B,C).

Study 2 
Based on the observed temporal stability of V₀, and the validation of repeated-measures used of fixed V0 derived Ees in the pilot experiment, the single-beat Ees derivation with fixed V₀ in a larger study comprising 30 pigs from previously published studies employing the same model of ischemic CS was applied. Healthy baseline V0 was calculated using the method described above, utilizing three IVC occlusions. The median (25th to 75th interquartile range) V0 at a healthy baseline was 8.0 mL (0.0–20.5 mL; Figure 6). The total minimum observation was -30.0 mL, and the maximum observation was 100 mL. Simultaneously, the healthy single beat estimated Ees was 1.38 mmHg/mL (1.06–1.87 mmHg/mL). LV end-systolic volume had a mean±standard deviation (SD) of 91 ± 36 mL, while the LV end-systolic pressure mean was 104 ± 17 mmHg. 

Ischemic CS was induced as described using repeated injections of intracoronary microspheres into the left main coronary artery (Figure 6). Within-animal changes between healthy baseline and cardiogenic shock were analysed using paired statistical tests (paired t-test or Wilcoxon signed-rank test as appropriate), with each animal serving as its own control. CS was induced in all animals with cardiac output reduced from 3.9 ± 1.9 L/min to 2.4 ± 1.1 L/min (38% reduction). Stroke volume and LV ejection fraction were markedly reduced, as reflected by a narrowing of the LV PV loop (Figure 6). The intrinsic pressure generation of the LV was lowered, as indicated by decreased LV end-systolic pressure to 87 ± 16 mmHg, while the LV end-systolic volume increased to 118 ± 36 mL. As V0 was kept constant according to the study protocol, Ees decreased to a median of 0.87 (IQR: 0.69 to 1.12 mmHg/mL), showing decreased contractility of the LV following ischemia.

FIGURE LEGENDS:

Figure 1: Animal instrumentation and hemodynamic monitoring. Upon arrival, all pigs receive intravenous access in an ear vein. Afterwards, all pigs are intubated and placed under positive pressure ventilation. Anesthesia of choice is initiated. A urinary catheter is placed. Monitoring is quickly established using a pulse oximeter (which can be placed on the tail or the lower lip of the pig), a 3-lead electrocardiogram (ECG), and a rectal temperature probe. Following initial monitoring, invasive catheterization is performed as described in the text. 

Figure 2: Linear fitting of ESPVR during inferior vena cava occlusion. During an IVC occlusion, thirteen loops are analyzed and manually inspected (A). Ventricular extrasystoles, and the prior loop as well as the following loop are removed from the analysis (black arrows; B). During IVC occlusion, LV PV loops shift downwards and leftwards. In this case, the fitting of ESPVR is linear, and the V0 may be calculated using a linear fit through the end-systolic pressure and volume points. In this case, the V0 is -50. V0 is a theoretical volume of no pressure generation and may be either negative or positive. 

Figure 3: Curvilinear fitting of ESPVR during inferior vena cava occlusion. In a healthy baseline, a representative volume-intercept (V0) is determined for each animal using a profound inferior vena cava occlusion during end-expiratory apnea (A). Note how the LV volume decreases in a nonlinear fashion (B) compared to the LV pressure, creating a visibly nonlinear form of ESPVR; thus, a quadratic fit is best applied. In this case, the V0 is -20. 

Figure 4: Curvilinear fitting vs linear fitting during inferior vena cava occlusion. In a healthy baseline, a representative volume-intercept (V0) is, in this case, best derived using the quadratic fit. (A) shows the linear fitting, and (B) shows a quadratic fitting. Note how the quadratic fit yields a higher model fitting than the linear fit, and how this impacts the V0 determination. R2 cannot be used alone, and visual inspection of the loop morphology and patterns must be performed to ensure physiologically plausible curvature. In this case, V0 is roughly 0 while the linear fitting underestimates V0.

Figure 5: Cardiac instrumentation and injection of intracoronary microspheres. Cardiac instrumentation and injection of intracoronary microspheres. (A) shows the raw fluoroscopic picture, while (B) shows the indication of structures. The yellow dotted line indicates the placement of the pulmonary artery catheter. The green dotted line indicates the placement of the LV PV catheter. The black dotted line indicates the placement of the coronary guide catheter into the left coronary ostium (red circle). The blue dotted line indicates the placement of the IVC occlusion balloon on the diaphragm level. As the contrast agent is injected, the left anterior descending artery (LAD) and the left circumflex artery (LCx) should be visible (red dotted lines). This model allows for excess cardiac instrumentation, in this case, a coronary sinus catheter (brown dotted line). 

Figure 6: Schematic left ventricular pressure-volume loops during ischemia. Schematic representative IVC occlusion in the healthy state (A) and fixed V0-derived single beat estimation of Ees in healthy and cardiogenic shock (B). Measurements from three IVC occlusions were averaged, and a V0 of 8 mL was derived. Ees was then calculated as the slope of the ESPVR line from V0 to the end-systolic pressure and volume point. Thus, an Ees of 1.38 mmHg/mL was estimated. Following ischemia, end-systolic volume increased while end-systolic pressure decreased, resulting in a rightwards and downwards shift of the LV PV loop (red loop) compared to healthy (black loop). By keeping the V0 fixed, Ees was decreased to 0.87 mmHg/mL. 

Figure 7: Temporal development of V₀ following cardiogenic shock induction in a pilot study. Individual estimates of the theoretical zero-pressure volume (V₀) obtained during inferior vena cava occlusions are shown at baseline and 1 h, 2 h, and 3 h following cardiogenic shock (CS) induction. Points represent individual measurements. The blue line depicts a locally weighted regression (LOESS) with 95% confidence band (shaded area) to visualize temporal trends. No systematic change in V₀ over time was observed.

Supplementary Figure 1: Comparison and temporal evaluation of end-systolic elastance (Ees) estimation methods. (A) Bland–Altman analysis comparing Ees derived from pressure–volume loop analysis and the single-beat method with fixed V₀. The solid line indicates the mean bias, and dashed lines represent the 95% limits of agreement, demonstrating systematic bias and wide agreement limits, indicating non-interchangeability for absolute Ees quantification. (B) Temporal evolution of Ees over 3 h following cardiogenic shock induction. Thin lines represent individual trajectories, and bold lines with shaded 95% confidence intervals represent group-level trends. Both methods show similar temporal patterns despite differences in absolute values. (C) Temporal stability of method differences. Individual trajectories show the difference between fixed-V₀ single-beat Ees and IVC-occlusion-derived Ees over time. The solid curve represents the group-level trend with 95% confidence intervals, and the dashed line indicates the mean bias. The absence of temporal drift indicates stable bias over time.

DISCUSSION:
This protocol describes a pragmatic, reproducible, and feasible strategy for serial, load-independent assessment of LV contractility, viable even in acute cardiac illness such as ischemic CS. The protocol uses a fixed volume-axis intercept, V0, to estimate Ees from single beats, avoiding repetitive IVC occlusions and thus lowering the risk of arrhythmias and hypotension during vulnerable cardiovascular conditions. The methodological novelty of the present protocol lies in the explicit combination of empirically determined, subject-specific V0 obtained from IVC occlusions with subsequent serial single-beat Ees estimation. Existing single-beat elastance methods infer V₀ mathematically. By anchoring single-beat elastance estimation to an experimentally measured, animal-specific V₀, the present protocol provides a pragmatic compromise between classical multi-beat ESPVR derivation and purely model-based single-beat approaches.

The rationale for assuming a constant V0 in acute experiments originates from both isolated heart studies and in vivo observations. Indeed, in excised canine hearts when contractility was enhanced, e.g., by norepinephrine og isoprotenerol, the slope of the ESPVR, the Ees, significantly increased while V0 remained essentially unaltered2. Similarly, in a healthy porcine model, dobutamine infusion significantly increased Ees, and beta-blockade decreased Ees, while V0 showed only minor and non-significant changes9. Conscious dog studies further support the notion that acute contractility changes predominantly affect Ees, with little influence on the intercept10. In line with these findings, contemporary large-animal studies of acute ischemia routinely employ a baseline IVC-occlusion–derived V₀ that is then held fixed throughout short-term experiments, demonstrating that this fixed-intercept strategy is both established and practically feasible4,12–14,25–29. 

[bookmark: _Hlk216260313][bookmark: _Hlk216263558]The strengths of this approach are multiple. First, it allows for repeated in vivo assessment of load-independent contractility in fragile states in human-sized animals, where even transient IVC occlusions could be detrimental. Second, the closed-chest PV measurements maintain physiological conditions and allow continuous monitoring without thoracotomy30. Third, unlike other single-beat estimations of Ees, which rely on mathematical reconstruction of V0 from pressure-pressure or pressure-time relations31,32 the present protocol utilizes direct empirical determination of V0  from three carefully curated IVC occlusions in the healthy state. This removes the model-assumption dependence inherent in purely computational approaches and provides a physiologically grounded intercept from which subsequent single-beat Ees values are derived. Together, these features distinguish the method from prior fixed-V₀ or single-beat strategies and make it a validated, pragmatic simplification for serial assessment of ventricular contractile function in acute experiments in which chamber geometry remains stable and repeated preload reduction is impractical or unsafe. In the present experimental context, the assumption of a stable V₀ was supported by our pilot data, which showed that repeated IVC occlusions following CS induction did not exhibit systematic temporal drift in V₀. While absolute Ees values derived from single-beat estimation differed from those obtained by classical IVC occlusion, the temporal evolution of Ees was comparable between methods at the group level, indicating that the fixed-V₀ single-beat approach preserves physiologically meaningful patterns over time and is suitable for repeated-measures analyses in acute experiments where repeated preload reduction is impractical or unsafe. Notably, compared with other alternatives such as noninvasive echocardiography-derived elastance surrogates, which rely on surrogate parameters and mathematical modelling and are notoriously hard to achieve in porcine models33–35, the fixed V0 single-beat Ees retains a direct mechanical anchoring to invasive PV loop physiology, offering higher construct validity for contractility tracking in acute experimental settings.

The fixed-V₀ single-beat Ees approach has several potential future applications. First, it enables high-frequency contractility tracking in acute interventions where preload manipulation is unsafe, including metabolic, mechanical, or vasoactive challenges. Second, it can be integrated into studies of device therapy, such as temporary mechanical circulatory support, where continuous, load-independent assessment may help elucidate mechano-energetic effects 28. Third, the method may facilitate comparative pharmacodynamic profiling of novel inotropes or cardioprotective agents by providing stable, repeated contractility measurements without perturbing hemodynamics. Finally, the approach may serve as a reference framework for the development and validation of emerging noninvasive contractility metrics, including echocardiographic or pressure-only Ees estimators, by providing high-fidelity invasive benchmarks under controlled conditions. 
[bookmark: _Hlk216264061]
[bookmark: _Hlk216263998][bookmark: _Hlk216263962]Several technical challenges may arise when applying this protocol, particularly in closed-chest large-animal models. The most frequent issues involve LV pressure–volume catheter positioning, volume calibration, and arrhythmias during preload reduction or ischemia. First, PV-catheter positioning may cause trouble as suboptimal placement can lead to distorted loop morphology, non-physiological volumes, or unstable segment signals. Common issues and corrective actions have been described in detail by Lyhne et al.8. In brief, the catheter should be advanced carefully across the aortic valve under fluoroscopic guidance, with segment selection adjusted until phase signals are stable, the loop shape is physiologic, and stroke volume is consistent with thermodilution Subsequently the catheter should be securely fixed to ensure it stays in position. If the catheter displaces for any reason, correct placement should be performed again under fluoroscopic guidance, followed by a new volume calibration and determination of IVC-based V0. Volume calibration of the admittance-based catheter, per se, may also cause issues. Inaccurate volume calibration remains a key source of variability in admittance-based systems8,36. Calibration should be performed according to the manufacturer’s manual, ideally during a short end-expiratory apnea and stable sinus rhythm. Stroke volume referencing from a pulmonary artery catheter should be confirmed across multiple beats. Because Ees is sensitive to volume accuracy, any drift in admittance-derived ESV directly affects serial elastance estimates. Regular verification of stroke volume against thermodilution, recalibration during prolonged experiments, and ensuring end-expiratory apnea and sinus rhythm during recordings are essential to minimize cumulative error. If drift is observed, recalibration may be required. During disease models, such as the proposed ischemic CS model, arrhythmias may be a source of errors and issues. Ventricular or supraventricular ectopy is common in fragile disease37 and during IVC occlusions, even in a healthy state. Ectopic beats, and the beats immediately preceding and following them must be excluded due to altered loading. If frequent arrhythmias occur, IVC inflation in the healthy state should be slowed, the occlusion depth reduced, or the procedure paused to allow stabilization. In sustained or destabilizing arrhythmias, antiarrhythmic therapy (e.g., lidocaine or amiodarone) may be considered. These troubleshooting adjustments do not alter the core protocol but reflect common practical considerations necessary for stable and interpretable PV-loop acquisition. Also, positive-pressure ventilation and intrathoracic pressure alter ventricular loading; therefore, recordings were standardized during transient end-expiratory apnea and low, fixed PEEP to minimize effects on filling and apparent contractility, whereas high PEEP or major ventilatory changes may invalidate the fixed-V₀ assumption12,38. The protocol may also be subject to inherent confounders, including blood resistivity effects, due to admittance-based measurements. This was mitigated by correct calibration.

The protocol, is not without limitations. Most importantly, the fixed V0 method for serial Ees estimation, although based on an experimentally determined baseline V0, represents a deliberate simplification of the classical IVC-occlusion-derived ESPVR. For protocols involving hemodynamically fragile conditions, however, it remains a pragmatic and considerably safer alternative to repetitive preload manipulations or purely mathematical V0 approaches31,32. The key underlying assumption is that the ESPVR pivots mainly around its slope, Ees, during acute inotropic changes, whereas V0 remains stable. This assumption inevitably introduces a degree of deliberate systematic error. While supported by experimental evidence in both isolated heart and in vivo data, which demonstrated limited acute variability in V0 during pharmacologic inotropic modulation2,9,10, acknowledging this trade-off is essential, as fixing the intercept prioritizes experimental feasibility and hemodynamic stability over full characterization of ESPVR dynamics. Therefore, the fixed intercept assumption is only appropriate for acute experiments where no major geometric changes of the LV or thorax occur. In case of LV edema (e.g., due to severe ischemia), remarkably altered thoracic pressure changes (e.g., increased PEEP), or LV dilation, the theoretical and effective LV volume - and thus the volume-axis intercept - will inevitably change and should be re-estimated. These recommendations are based on physiological considerations and existing experimental literature rather than direct validation within the present dataset. Ideally, when comparing inotropic states, both Ees and V₀ should be considered, as a leftward shift of V₀ with unchanged Ees indicates increased contractility, and vice versa39. By holding V₀ constant, this dimension of analysis is inherently lost, yet it gains feasibility and stability in fragile hemodynamic conditions. Importantly, this simplification introduced systematic differences in absolute Ees estimates compared with classical IVC-occlusion–derived values, and the methods should therefore not be considered interchangeable for absolute quantification. However, the fixed-V₀ approach preserves group-level temporal patterns, supporting its use for repeated-measures and trend analyses in acute experiments. In acute, non-remodelling experiments, this trade-off offers a feasible and transparent methodological compromise that balances rigor with safety and interpretability. Still, however, these limitations should always be kept in mind and carefully weighed against the practical advantages of the method; ultimately, the decision to apply a fixed-V₀ approach must rest on a conscious balance between methodological precision and experimental feasibility. The use of fixed V0-derived Ees as described in this protocol has not been validated in chronic remodeling studies and is not validated for changes in ventricular geometry.

[bookmark: _Hlk216269888]In summary, it should be acknowledged that the proposed protocol is a methodological compromise, acceptable only in carefully selected acute experiments where safety and feasibility outweigh absolute precision. It should not be applied indiscriminately but reserved for scenarios where full V₀ reassessment is impractical or unsafe. Serial V₀ measurements were not performed during the ischemic protocol in the present study. However, the fixed-intercept assumption is supported by extensive experimental literature showing that acute inotropic alterations predominantly change the ESPVR slope while V₀ remains comparatively stable9,10,31. Therefore, this fixed-V₀ strategy is routinely used in acute CS models25–29. Thus, in short-duration, closed-chest experiments without structural remodeling, this protocol can be applied reliably, provided these methodological limitations are acknowledged. Thus, it should be noted that situations involving chamber dilation, myocardial edema, prolonged ischemia, or major shifts in intrathoracic pressure may, potentially, cause V₀ to drift, in which case reassessment of the intercept is warranted.

Furthermore, ESPVR is not invariably linear; contractility- and load-dependent curvilinearity can bias linear estimates of both Ees and the intercept. We therefore recommend visual inspection of the PV loops during occlusion and the application of accepted nonlinear fits when appropriate, as noted in the protocol description19,20. Importantly, a nonlinear ESPVR may in some cases be the result of protracted IVC occlusion triggering baroreceptor reflexes40. 
Also, while being regarded as the gold standard for functional assessment of LV contractility and LV function8,41,42, the admittance-based PV technology is not without limitations itself. First, volume calibration remains a potential error source. Calibrating stroke volume referencing to the pulmonary artery catheter, using a stable sinus rhythm and end-expiratory apnea limits this error source; admittance-based technologies may overestimate LV volumes43. 

Conclusion
[bookmark: _Hlk216264233]In conclusion, in the proposed protocol, fixing the volume-axis intercept of ESPVR at baseline enables serial single-beat Ees assessment under closed-chest admittance PV recording while avoiding destabilizing IVC occlusions. This approach is well-suited for acute studies, providing load-independent contractility estimates with minimal procedural stress; if ventricular geometry changes, the intercept should be re-estimated. This fixed-V₀ strategy represents a deliberate methodological compromise, prioritizing feasibility and safety in hemodynamically fragile settings while accepting a degree of systematic error inherent to the assumption of intercept stability. Caution is warranted regarding the systematic error that may arise from fixing the volume-axis intercept, and whether this protocol is suitable for a designated study depends on the nature of the study, the stability of cardiac geometry, and the specific experimental conditions under which it is applied.

ACKNOWLEDGEMENTS:
OKH is supported by Sophus Jacobsen’s Foundation, the Graduate School of Health at Aarhus University Faculty, and the Danish Cardiovascular Academy, which is funded by the Novo Nordisk Foundation (grant number NNF20SA0067242) and the Danish Heart Foundation.  We extend our thanks to Kasper Lykke Wethelund (Aarhus University) and Halvor Guldbrandsen (Aarhus University) for their voluntary contribution to data acquisition. 

DISCLOSURES:
The authors declare that they have no conflicts of interest. 

REFERENCES:
1. Burkhoff, D., Mirsky, I., Suga, H. Assessment of systolic and diastolic ventricular properties via pressure-volume analysis: A guide for clinical, translational, and basic researchers. Am J Physiol Heart Circ Physiol. 289 (2), H501–H512 (2005).
2. Suga, H., Sagawa, K. Instantaneous pressure-volume relationships and their ratio in the excised, supported canine left ventricle. Circ Res. 35 (1), 117–126 (1974).
3. Sagawa, K., Suga, H., Shoukas, A. A., Bakalar, K. M. End-systolic pressure-volume ratio: a new index of ventricular contractility. Am J Cardiol. 40 (5), 748–753 (1977).
4. Hørsdal, O. K. et al. The immediate cardiovascular and mitochondrial response in ischemic cardiogenic shock. J Cardiovasc Transl Res. 18 (5), 1204–1217 (2025).
5. van Diepen, S. et al. Contemporary management of cardiogenic shock: A scientific statement from the American Heart Association. Circulation. 136 (16), e232–e268 (2017).
6. Helgestad, O. K. L. et al. Temporal trends in incidence and patient characteristics in cardiogenic shock following acute myocardial infarction from 2010 to 2017: A Danish cohort study. Eur J Heart Fail. 21 (11), 1370–1378 (2019).
7. Vahdatpour, C., Collins, D., Goldberg, S. Cardiogenic shock. J Am Heart Assoc. 8 (8), e011991 (2019).
8. Lyhne, M. D. et al. Closed chest biventricular pressure-volume loop recordings with admittance catheters in a porcine model. J Vis Exp. 171, e62563 (2021).
9. Dickstein, M. L. et al. Assessment of right ventricular contractile state with the conductance catheter technique in the pig. Cardiovasc Res. 29 (6), 820–826 (1995).
10. Spratt, J. A. et al. The end-systolic pressure-volume relationship in conscious dogs. Circulation. 75 (6), 1295–1309 (1987).
11. Hørsdal, O. K. et al. The venous-to-arterial carbon dioxide difference is an indicator of cardiac index in cardiogenic shock complicating myocardial infarction—A porcine study. Heart Lung Circ. 34 (5), 526–528 (2025).
12. Hørsdal, O. K. et al. Cardiovascular effects of increasing positive end-expiratory pressure in a model of left ventricular cardiogenic shock in female pigs. Anesthesiology. 141 (6), 1105–1118 (2024).
13. Hørsdal, O. K. et al. Lactate infusion improves cardiac function in a porcine model of ischemic cardiogenic shock. Crit Care. 29 (1), 113 (2025).
14. Hørsdal, O. K. et al. The ketone body 3-hydroxybutyrate increases cardiac output and cardiac contractility in a porcine model of cardiogenic shock: A randomized, blinded, crossover trial. Basic Res Cardiol. 120 (3), 579–596 (2025).
15. Christensen, L. J., et al. Butyrate increases cardiac output and causes vasorelaxation in a healthy porcine model. Life Sci. 363, 123407 (2025).
16. Hørsdal, O. K. et al. Lactate infusion elevates cardiac output through increased heart rate and decreased vascular resistance: A randomized, blinded, crossover trial in a healthy porcine model. J Transl Med. 22 (1), 285 (2024).
17. Straw, B. E. Diseases of Swine. Blackwell Publ. ISBN 9780813817033 (2006).
18. Stonko, D. P. et al. A technical and data analytic approach to pressure-volume loops over numerous cardiac cycles. JVS Vasc Sci. 3, 73–84 (2022).
19. Kass, D. A. et al. Influence of contractile state on curvilinearity of in situ end-systolic pressure-volume relations. Circulation. 79 (1), 167–178 (1989).
20. Kass, D. A. et al. Comparative influence of load versus inotropic states on indexes of ventricular contractility: experimental and theoretical analysis based on pressure-volume relationships. Circulation. 76 (6), 1422–1436 (1987).
21. van der Velde, E. T. et al. Nonlinearity and load sensitivity of end-systolic pressure-volume relation of canine left ventricle in vivo. Circulation. 83 (1), 315–327 (1991).
22. Sato, T. et al. ESPVR of in situ rat left ventricle shows contractility-dependent curvilinearity. Am J Physiol Heart Circ Physiol. 274 (5), H1429–H1434 (1998).
23. Horn, S. D., Yesalis, C. E., Bartels, R. H. Selection of regression models for health care data. Med Care. 16 (7), 574–583 (1978).
24. Møller-Helgestad, O. K., Ravn, H. B., Møller, J. E. Large porcine model of profound acute ischemic cardiogenic shock. Methods Mol Biol. 1816, 343–352 (2018).
25. Josiassen, J. et al. Impella RP versus pharmacologic vasoactive treatment in profound cardiogenic shock due to right ventricular failure. J Cardiovasc Transl Res. 14 (6), 1021–1029 (2021).
26. Frederiksen, P. H. et al. Impact of Impella RP versus vasoactive treatment on right and left ventricular strain in a porcine model of acute cardiogenic shock induced by right coronary artery embolization. J Am Heart Assoc. 12 (3), e026087 (2023).
27. Frederiksen, P. H. et al. Haemodynamic implications of VA-ECMO versus VA-ECMO plus Impella CP for cardiogenic shock in a large animal model. ESC Heart Fail. 11 (4), 2305–2313 (2024).
28. Udesen, N. L. J. et al. Impact of concomitant vasoactive treatment and mechanical left ventricular unloading in a porcine model of profound cardiogenic shock. Crit Care. 24 (1), 95 (2020).
29. Frederiksen, P. H., et al. Association between speckle tracking echocardiography and pressure-volume loops during cardiogenic shock development. Open Heart. 11 (1), e002512 (2024).
30. Kirk, M. E. et al. Impact of sternotomy and pericardiotomy on cardiopulmonary haemodynamics in a large animal model. Exp Physiol. 108 (5), 762–771 (2023).
31. Senzaki, H., Chen, C. H., Kass, D. A. Single-beat estimation of end-systolic pressure-volume relation in humans. Circulation. 94 (10), 2497–2506 (1996).
32. Shishido, T. et al. Single-beat estimation of end-systolic elastance using bilinearly approximated time-varying elastance curve. Circulation. 102 (16), 1983–1989 (2000).
33. Thomas, J. D., Popović, Z. B. Assessment of left ventricular function by cardiac ultrasound. J Am Coll Cardiol. 48 (10), 2012–2025 (2006).
34. Chen, C. H. et al. Noninvasive single-beat determination of left ventricular end-systolic elastance in humans. J Am Coll Cardiol. 38 (7), 2028–2034 (2001).
35. Martinez Naya, N. et al. Comprehensive echocardiographic protocol for pigs with emphasis on diastolic function: Advantages over MRI assessment. Am J Physiol Heart Circ Physiol. 328 (3), H401–H414 (2025).
36. Nielsen, J. M. et al. Left ventricular volume measurement in mice by conductance catheter: evaluation and optimization of calibration. Am J Physiol Heart Circ Physiol. 293 (1), H534–H540 (2007).
37. Hasin, Y., Rogel, S. Ventricular rhythms in acute myocardial infarction. Cardiology. 61 (3), 195–207 (1976).
38. Alviar, C. L. et al. Positive pressure ventilation in cardiogenic shock: Review of the evidence and practical advice for patients with mechanical circulatory support. Can J Cardiol. 36 (2), 300–312 (2020).
39. Blaudszun, G., Morel, D. R. Relevance of the volume-axis intercept, V₀, compared with the slope of end-systolic pressure-volume relationship in response to large variations in inotropy and afterload in rats. Exp Physiol. 96 (11), 1179–1195 (2011).
40. Kumada, M., Terui, N., Kuwaki, T. Arterial baroreceptor reflex: Its central and peripheral neural mechanisms. Prog Neurobiol. 35 (5), 331–361 (1990).
41. van Hout, G. P. J. et al. Admittance-based pressure-volume loop measurements in a porcine model of chronic myocardial infarction. Exp Physiol. 98 (11), 1565–1575 (2013).
42. Clark, J. E., Marber, M. S. Advancements in pressure-volume catheter technology—stress remodelling after infarction. Exp Physiol. 98 (3), 614–621 (2013).
43. Andersen, S. et al. Comparison of admittance and cardiac magnetic resonance generated pressure-volume loops in a porcine model. Physiol Meas. 45 (5), 055014 (2024).
