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SUMMARY: 
Presented here is a protocol to assess biventricular heart function in mice by generating pressure-volume (PV) loops from the right and left ventricle in the same animal using closed chest catheterization. The focus is on the technical aspect of surgery and data acquisition.

ABSTRACT: 
Assessment of cardiac function is essential to conduct cardiovascular and pulmonary-vascular preclinical research. Pressure-volume loops (PV loops) generated by recording both pressure and volume during cardiac catheterization are vital when assessing both systolic and diastolic cardiac function. Left and right heart function are closely related, reflected in ventricular interdependence. Thus, recording biventricular function in the same animal is important to get a complete assessment of cardiac function. In this protocol, a closed chest approach to cardiac catheterization consistent with the way catheterization is performed in patients is adopted in mice. While challenging, the closed chest strategy is a more physiological approach, because opening the chest results in major changes in preload and afterload that create artifacts, most notably a fall in systemic blood pressure. While high-resolution echocardiography is used to assess rodents, cardiac catheterization is invaluable, particularly when assessing diastolic pressures in both ventricles.

Described here is a procedure to perform invasive, closed chest, sequential left and right ventricular pressure-volume (PV) loops in the same animal. PV loops are acquired using the admittance technology with a mouse pressure-volume catheter and pressure-volume system acquisition. The procedure is described, beginning with the neck dissection, which is required to access the right jugular vein and the right carotid, to the insertion and positioning of the catheter, and finally the data acquisition. Then, the criteria required to ensure the acquisition of high-quality PV loops are discussed. Finally, the analysis of the left and right ventricular PV loops and the different hemodynamic parameters available to quantify systolic and diastolic ventricular function are briefly described.

INTRODUCTION: 
According to the world health organization (WHO), heart disease is the leading cause of death worldwide for both men and women1–3. Many studies focus on diagnosing and improving impaired cardiac function4; for these applications high-quality and reproducible evaluation of cardiac function is critical. High fidelity and reproducible catheter data are required to assess both etiological and therapeutic responses. For example, the assessment of cardiac function is essential to evaluate the efficacy of drugs and other treatments in preclinical models of myocardial infarction5. While many cardiovascular studies focus on left ventricular function, right ventricular function is also a critical determinant of functional capacity and prognosis in patients with pulmonary-vascular disease6,7. In patients with advanced heart failure, persistently elevated right-sided and left-sided filling pressures are predictive of the combined risk of death, cardiovascular hospitalization, and heart transplantation8. In combined aortic and mitral valve disease, preoperative myocardial function (reflected in parameters such as cardiac index and left ventricular ejection fraction) is the main predictor of long-term survival9. Right ventricular function is the major predictor of both morbidity and mortality in pulmonary arterial hypertension10,11. Thus, assessment of the right ventricular function is a necessary component of a comprehensive preclinical study using models of pulmonary arterial hypertension12–14. 

Left and right ventricular function are often studied independently. However, because the functions of the left and right ventricles are intimately linked, it is ideal to obtain a biventricular assessment of systolic and diastolic function from a single test15. For example, the right ventricle shares oblique fibers in the interventricular septum with the left ventricle, which constitutes one of the mechanical links between the left and right ventricular contractile function16,17. This phenomenon, known as systolic ventricular interaction, allows left ventricular contraction to augment the right ventricular contraction. Ventricular interactions during diastole are also important. During diastole, the volume of one ventricle influences the volume of the opposite ventricle, and thereby alters diastolic compliance and preload18,19. In pathological conditions, decreased function of one ventricle, or impaired volume loading, can directly or indirectly impair the function of the other ventricle20. As a consequence of systolic ventricular interaction, a global decrease in left ventricular function may reduce right ventricular contractile performance15. In patients with heart failure due to left ventricular systolic function and increased end diastolic pressure, pulmonary artery pressure is elevated, indirectly increasing right ventricle afterload21,22. Conversely, increased right ventricular pressure and volume overload in severe pulmonary hypertension exerts a mechanical compression on the left heart. This D-shaped flattening of the left ventricle, caused by a leftward shift in the interventricular septum, reduces left ventricular volumes and impaired systolic and diastolic function23–27. Thus, the assessment of both left and right ventricles is essential to evaluate global cardiac function in preclinical models of human disease.

Cardiac function can also be assessed by noninvasive echocardiography, magnetic resonance imaging (MRI), and invasive catheterization28–30. Echocardiography is the most commonly used imaging modality in cardiovascular research because it is relatively inexpensive and accessible31. However, echocardiography has several technical limitations, including indirect measurement of filling pressure and limited ability to quantify diastolic function. In addition, the quality of the data obtained by echocardiography is highly operator dependent. Cardiac MRI is a relatively new addition to preclinical imaging armamentarium that has great potential for quantitative assessment of biventricular function. Quantification with cardiac MRI is accurate, as it does not make geometric assumptions of ventricular shape, unlike echocardiography32. However, the MRI imaging platform is expensive, and is rarely available. Moreover, the processing of MRI data requires skilled support by a physicist or equivalent scientist, which is lacking in many preclinical laboratories33. Similarly, the use of microcomputed tomography (MicroCT) in preclinical and human studies provides quantitative high-resolution three-dimensional (3D) anatomical data that can be obtained noninvasively, allowing longitudinal studies34. However, MicroCT imaging requires the injection of contrast agents, which are often expensive. The MicroCT imaging platform, like MRI, is also expensive and also requires a skilled technician. 

In contrast, catheterization is an invasive technique that consists of the introduction of a catheter in the right and/or left ventricle to measure pressure and/or volume. The tools required to perform cardiac catheterization are not as expensive as echocardiography, CT, or MRI. Substantial technical proficiency for catheterization and small animal anesthesia is required, however. Catheterization allows direct and accurate assessments of cardiac function28. In this protocol, an admittance PV catheter is used to assess cardiac function. This technology, based on the distinct electrical conductance properties of blood and cardiac muscle, allows for the simultaneous recording of pressure and volume within the cardiac cavity and generation of PV loops in real time5,35. Briefly, the catheter is comprised of both excitation electrodes and recording electrodes. The excitation electrodes generate an electrical field inside the right or left ventricle. The inner recording electrode measures voltage change, which is proportional to a change in resistance. Deriving ventricular volume is based on Ohm’s law (voltage = current x resistance) from which conductance (i.e., the inverse of resistance) is calculated. In this setting, the measured conductance value is a combination of blood conductance and muscle conductance. In the electric field, blood is purely resistive while muscle has both capacitive and resistive properties. The capacitive property of muscle causes a time delay in the measured signal. Tracking this delay, known as the “phase” angle, reports heart tissue intrusion into the field as the heart contracts. This measurement is greatest at systole and lowest at diastole. This property allows the separation of the muscle component of the conductance from that of blood and allows a close approximation of absolute systolic and diastolic volumes. Pressure-volume loops provide a range of hemodynamic parameters that are not readily measurable by other methods, such as simple retrograde catheterization using fluid filled catheters to measure cardiac pressures. Pressure-volume loops measure ventricular pressures but also provide data about contractility, elastance, power, energetics, and efficiency. In addition, PV loops provide robust quantitative measurements36. Thus, assessment of cardiac function by PV loops generated by catheterization has emerged as the gold standard in preclinical research37. In addition, preclinical techniques are relevant to human disease where cardiac catheterization, albeit with fluid filled catheters, is common. However, cardiac catheterization in rodents requires impeccable anesthesia and excellent technique to prevent excessive loss of blood, hypoventilation, or changes in body temperature.

In human patients, cardiac catheterization is performed in closed chest configuration and vascular access is achieved via the jugular or subclavian vein for the right ventricle and the radial or femoral artery for the left ventricle. Due to the small size of mice, the closed chest approach is often challenging. Thus, studies conducted in mice commonly adopt an open chested approach. This technique involves opening the thorax, thereby exposing the heart, and facilitating the insertion of the catheter via puncture of the left and/or right ventricular apex38. While this approach is technically less challenging and fairly reproducible, its major limitations include hemorrhage and other complications of apical insertion of catheters, and a marked drop in intracardiac pressure resulting from opening the thoracic cavity to atmospheric pressure. Opening the thorax in a ventilated rodent induces a 5–10 mm Hg decrease in left ventricular systolic pressure and 2–5 mm Hg decrease in right ventricular pressure39. Therefore, a closed chest approach that is less traumatic for the heart and yields more physiologically relevant measurements that are more easily translated to clinical assessment of cardiac function was developed.

PROTOCOL: 
All experiments were performed in accordance with Queen’s University biosafety and ethical guidelines (ROMEO/TRAQ#6016826). The procedures followed were performed in accordance with institutional guidelines.

1. Experimental preparation and setup

1.1. Put the catheter in a 10 mL syringe with saline/heparin, at room temperature 30 min before starting the experiment (Figure 1A).

1.2. After 30 min, calibrate the catheter (e.g., baseline and acquisition system) according to the manufacturer's recommendations. The acquisition system displays high and low calibration values that are used to calibrate the acquisition system before starting an experiment. Output these values and make sure that they match.

1.2.1. Use the button “Pressure Balance Control”, “Coarse +/- “, or “Fine +/-“ to set up the baseline pressure value at zero.

1.2.2. Perform a two point calibration for high and low signal. 

1.2.2.1. On the control console press “System Setting” in the “Catheter Menu”.

1.2.2.2. Press “Send Calibration Signal” in the “System Setting Menu” to send the low signal. Ensure that the pressure, volume, phase, and magnitude are at 0 mm Hg, 0 µL, 0˚, and 0 µs respectively.

1.2.2.3. Press “Enter” to send the high signal. Ensure that pressure, volume, phase, and magnitude are at 100 mm Hg, 150 µL, 20˚ and 5,000 µs respectively.

1.2.2.4. Press “Enter” to return to the “System Setting Menu”.

1.2.2.5. Press “6” to return to the “Catheter Menu”. Then press “Acquire Data”. 

1.3. Bend a 30 G needle to approximately 90˚ (Figure 1B,C). This bent needle will be used to puncture the jugular and carotid veins.

2. Anesthesia and body temperature control (20–30 min)

2.1. Place the mouse (28 g, C57BL/6 in this protocol) into an anesthesia chamber containing anesthetic gas (i.e., oxygen 100%, isoflurane 3–4% for induction).

2.2. When the animal is anesthetized, not responding to paw or tail pinch, place the mouse supine on the heating pad set at 37 ˚C. 

2.3. Connect the mouse to the respirator through a nose cone providing a mixture of 100% oxygen and 2% of isoflurane. To automatically calculate the recommended ventilation settings, enter the animal’s weight into the ventilator’s proprietary software using the touch screen. The calculations use the following formula: 

Tidal volume = 6.2 x animal mass1.01 (kg), 

Respiration rate = 53.5 x animal mass-0.26 (kg).

2.4. Turn on the anesthetic line from the anesthesia chamber to the nose cone. 

2.5. Insert the temperature feedback probe into the rectum, and the pad probe between the pad and the back of the mouse, setting the desired body temperature to 37 °C–37.5 °C. Control the animal’s temperature on the monitor screen (Figure 2A,B).

2.6. Tape down the front paws and one distal paw of the mouse to the heating blanket using surgical tape, leaving one hind paw free to monitor the depth of anesthesia.

3. Intubation

3.1. Perform a 2 cm H-shape ventral midline cervical incision from the manubrium to the level of the hyoid bone. 

3.1.1. Pull the skin away from the underlying muscles and cut it off. 

3.1.2. Gently move the submandibular gland aside. 

3.1.3. Dissect the cervical soft tissue and expose the sternocleidomastoid and the sternohyoid muscle with forceps using the blunt dissection method. 

3.1.4. Split the fascia in the middle, overlying the paired sternohyoid. Allow the paired sternohyoid to retract laterally to expose the trachea. Be careful to not damage the carotid arteries and the vagus nerves, which run alongside the trachea. 

3.2. Pass forceps underneath the trachea to elevate it. Then, pass a 4.0 surgical silk suture underneath the trachea and make a potential knot in the middle of the suture, which will later be tightened to secure the endotracheal tube (Figure 3A).

3.3. Using scissors, make a small cut between the cartilage rings of the trachea below the level of the larynx. Insert the endotracheal tube (Figure 3B).

3.4. Connect the tracheostomy tube to the respirator and begin ventilation with 100% oxygen and 2% isoflurane. Tighten the knot around the trachea to secure the endotracheal tube and tape the respirator tubing to the operative table. Ensure that the trachea is not obstructed or collapsed (Figure 3C).

4. Right jugular and right carotid isolation 

4.1. Right carotid isolation

4.1.1. Using blunt dissection, displace the sternohyoid muscle laterally to expose and isolate the right carotid artery. 

4.1.2. Isolate the carotid artery from the vagus nerve by blunt dissection using forceps.

4.1.3. Pass three surgical sutures (4.0) underneath the carotid artery, excluding the vagus nerve.

4.2. Right jugular vein isolation

4.2.1. Displace the submandibular and parotid gland laterally to visualize the right jugular vein. Bluntly dissect and expose the right jugular vein using forceps. Carefully dissect the vein and remove the surrounding fascia.

4.2.2. Pass forceps underneath the jugular vein. 

4.2.3. Pass one surgical suture underneath the jugular vein, then tie it at the cranial side of the vein. Apply gentle traction on this suture in the direction of the head using a hemostatic clamp.

4.2.4. Pass two additional sutures underneath the jugular vein. Gently pull the most distal suture in a caudal direction using a hemostatic clamp. Make a loose, potential knot in the middle suture.

4.2.5. Put several drops of warmed, physiological saline on the vessel at the site of anticipated venotomy.

5. Surgical procedures for right ventricular and left ventricular catheterization 

5.1. Right ventricular catheterization (Figure 4 A–D).

5.1.1. Using the stereomicroscope, identify the jugular vein.

5.1.2. Gently apply superior traction on the vein. Perform a venotomy by inserting a 30 G curved needle between the cranial suture and the middle suture. Insert the needle at a 140˚ angle relative to the vein to ensure it enters in a coaxial manner.

5.1.3. When inserted, dilate the venotomy by moving the needle. Insert the catheter tip in the venotomy, underneath the needle. Then gently tie the middle suture, securing the catheter. 

NOTE: Take extreme care not to tie the suture too tightly, because excess force can damage the catheter.

5.1.4. Release the caudal suture, and advance the catheter into the right ventricle, detecting the classical right ventricular pressure waveform on a continuous monitor. 

5.1.5. Stabilize the right ventricular pressure. Ensure the correct positioning of the catheter in the right ventricle to generate an optimal PV loop. 

5.1.5.1. Stabilize the magnitude, which reflects the blood and muscle, to generate pressure-magnitude loops (i.e., Y axis pressure, X axis magnitude). If required, gently rotate the catheter shaft to achieve optimal placement of the catheter along the axis of the right ventricle. 

[bookmark: _GoBack]NOTE: The maximal phase value, which reflects the muscle, should be below 7°. 

5.1.6. When the pressure-magnitude loop signal is optimal, press “Enter” on the console during the acquisition to perform a baseline scan. Ensure that the heart rate reported on the monitor screen in beats per minute (bpm) is in a physiologic range (i.e., 400–600 bpm).

5.1.7. Generate the PV loops. Change “Magnitude” to “Volume” as a parameter for the X axis and keep the pressure as the Y axis. When the PV loops signal is optimal, record for 30 s.

5.1.8. Stop the recording. Pull back the catheter and gently wipe with gauze. Put the catheter in heparin/sodium chloride solution and tie the caudal suture to stop bleeding from the jugular vein. 

5.2. Left ventricular catheterization (Figure 5 A–D).

5.2.1. Gently elevate the right carotid, which was previously isolated (5A) by sliding curved forceps underneath the artery.

5.2.2.  Tie the previous suture, thereby occluding the artery. Then, gently apply cranially directed traction using a hemostatic clamp.

5.2.3. Pull the most distal suture in a caudal direction using a hemostatic clamp. Make a loose potential knot on the middle suture.

5.2.4. Put several drops of warmed, physiological saline on the vessel at the site of the anticipated arteriotomy. Focus on the cranial section, between the caudal and the middle suture, using the stereotaxic microscope.

5.2.5. Gently apply superior traction on the artery. Perform an arteriotomy, by inserting a 30 G curved needle between the cranial suture and the middle suture. Insert the needle at 140˚ relative to the artery to ensure it enters in a coaxial manner.

5.2.6. Insert the catheter tip into the arteriotomy and then tighten the middle suture to secure the catheter. Simultaneously, release the distal suture and advance the catheter into the aorta to start recording. Ensure that the pressure channel shows a typical aorta trace.

5.2.7. Advance the catheter retrograde across the aortic valve into the left ventricle. Entry into the left ventricle will be evident from the sudden marked drop in diastolic pressure from the aorta. 

5.2.8. Stabilize the left ventricular pressure. Ensure the correct positioning of the catheter in the left ventricle to generate an optimal PV loop. 

5.2.8.1. Stabilize the magnitude, which reflects the blood and muscle, to generate pressure-magnitude loops (i.e., Y axis pressure, X axis magnitude). If required, gently rotate the catheter shaft to achieve optimal placement of the catheter along the axis of the left ventricle. 

NOTE: The maximal phase value, which reflects the muscle, should be below 7°.
 
5.2.9. Stop the recording. Pull back the catheter and put it in heparin/sodium chloride solution. Then tie the caudal suture.

5.2.10. Clean the catheter with an enzymatic detergent (e.g., endozime). 

6. Data analysis (15–30 min)

6.1. Perform the PV loop analysis according to established recommendations. 

6.1.1. Select the optimal pressure-volume trace (ideally an entire, stable 30 s recording). On the software, click “Advance”, click “Loops”, and then click “Offline Calculation”.

6.1.2. Select volume as a volume channel and pressure as pressure channel.

6.1.3. For consistent results a minimum of 20 loops is necessary.

REPRESENTATIVE RESULTS: 
The catheter was placed in a 10 mL syringe containing a solution of heparinized saline at room temperature 30 min before the catheterization (Figure 1A). A 30 G needle was bent ~90˚ (Figure 1B, C), and a 1.45 mm diameter tracheotomy canula was prepared (Figure 1C).

Maintenance of physiologic body temperature is critical. The mouse was taped down and connected to the respirator through a nose cone. The feedback probe was placed between the pad and the back of the mouse. A rectal probe was inserted to monitor the animal’s body temperature (Figure 2A). Body temperature (37.1 ˚C) and pad (40.7 ˚C) temperature were monitored (Figure 2B).

Photographs of the critical steps of the intubation procedure are displayed in Figure 3A–C. Successful and unobstructed intubation resulted in a regular respiratory rate with stable peak pressure (Figure 2B).

Pictures of the critical steps of right heart catheterization, from the isolation of the jugular vein (Figure 4A–C) to the insertion of the catheter in the jugular vein are shown in Figure 4D. Figure 5 shows the critical steps of left heart catheterization, including right carotid artery isolation (Figure 5 A,B) and catheter insertion (Figure 5 C,D)

The catheter was introduced into the jugular vein and advanced into the right ventricle. Then the right ventricular pressure was stabilized, and the correct positioning verified. All the catheter’s electrodes (6 mm long axis length) needed to be within the right ventricle chambers and not in contact with the ventricle walls. Optimal positioning of the catheter as schematically represented in Figure 6A generated optimal PV loops (i.e., triangular, regular). Improper positioning as schematically represented in Figure 6B (i.e., contact with the ventricular wall) will result in flawed PV loops (i.e., collapsed and irregular loops). 

The catheter was introduced into the carotid, advanced into the aorta, then advanced retrograde across the aortic valve into the left ventricle. The left ventricular pressure was stabilized and right positioning verified. All the catheter’s electrodes (6 mm long axis length) should be within the left ventricle chambers and not in contact with the ventricle walls. Optimal positioning of the catheter as schematically represented in Figure 6C generated optimal PV loops (i.e., rectangular, regular). Improper positioning as schematically represented in Figure 6D (i.e., contact with the ventricular wall) resulted in flawed PV loops (i.e., collapsed, non-rectangular, and irregular loops). 

Representative hemodynamics generated by left and right PV loops showed a heart rate of 410 bpm, cardiac output of 9,107 µL/min, and stroke volume of 24.5 µL. Specific right ventricular parameters showed a right ventricular systolic pressure of 21.9 mm Hg, right ventricular end diastolic pressure 1.049 mm Hg, ejection fraction of 56.1%, dp/dt max of 1,469 mm Hg/s, dp/dt max of -1,504 mm Hg/s, end diastolic volume of 38.4 µL, stroke work of 0.068 mJ, pressure-volume area of 0.089 mJ, pulmonary arterial elastance (Ea) of 0.83 mm Hg/µL, and Tau factor of 12.8 ms. Specific left ventricular parameters showed a left ventricular systolic pressure of 77.1 mm Hg, left ventricular end diastolic pressure of 2.33 mm Hg, ejection fraction of 59.1%, dp/dt max of 4,695 mm Hg/s, dp/dt max of -3,553 mm Hg/s, end diastolic volume of 36.9 µL, stroke work of 0.14 mJ, pressure-volume area of 0.22 mJ, arterial elastance (Ea) of 5.37 mm Hg/µL, and Tau factor of 15.1 ms (Table 1).

FIGURE AND TABLE LEGENDS: 
Table 1: Table of hemodynamic parameters. Left and right ventricular hemodynamic parameter measured in six mice.

Figure 1: Experimental preparation and setup. (A) Catheter in a 10 mL syringe of saline/heparin, (B), (C) 30 G needle bent to approximately 90°, (D) tracheotomy canula, 1.45 mm diameter.

Figure 2: Anesthesia, body temperature control. (A) Mouse with three paws taped, connected to respirator through a nose cone, with feedback and rectal probes inserted. Note that the warming pad is below the surgical blanket. (B) Temperature monitor control showing body (rectal) and pad (feedback) temperature and the ventilation parameters: respiratory rate (set RR), mean tidal volume (Meas TV), peak pressure (PeakPress), and the minute ventilation (MinVol).

Figure 3: Intubation procedure. (A) The skin was pulled away and cut. The submandibular gland was gently moved aside. The sternocleidomastoid and the sternohyoid muscle were pulled apart and then forceps were passed underneath the trachea, using gentle, blunt dissection. (B) Surgical silk (4.0) was passed underneath the trachea and a small cut was made anteriorly between two cartilage rings of the trachea. The tracheostomy was inserted and tied. (C) The tracheostomy tube was connected to the ventilator, and the suture was tied around the tubing. 

Figure 4: Right ventricular catheterization. (A), (B), (C) The right jugular vein was isolated, then one surgical suture was passed underneath and tied at the cranial side of the vein. Gentle traction was applied on this suture in the direction of the head using a hemostatic clamp. Two additional sutures were passed distally, underneath the jugular vein. The most distal suture was pulled gently in a caudal direction using a hemostatic clamp. A loose, potential knot was made in the middle suture. (D) The catheter was inserted in the jugular vein, the middle suture was tied to the catheter. The images in (C) and (D) are magnified through a stereomicroscope.

Figure 5: Left ventricular catheterization. (A), (B) The right carotid was isolated, then one surgical suture was passed underneath the jugular vein and tied at the cranial side of the vein. Gentle traction was applied on this suture in the direction of the head using a hemostatic clamp. Two additional sutures were passed underneath the carotid artery. The most distal suture was gently pulled in a caudal direction using a hemostatic clamp. A loose, potential knot in the middle suture was made. (C) The catheter tip was inserted into the carotid artery, and then the middle suture tied to the catheter to secure it. (D) The catheter was gently advanced retrograde down the carotid toward the aorta. The images in (B), (C), (D) are magnified through a stereomicroscope.

Figure 6: Schematic representation of catheter positioning and resulting PV loops. (A) Optimal catheter positioning in the right ventricle. The tip of the catheter is in the middle of the ventricle, isolated from the ventricle walls. Representative PV loops resulting from an optimal catheter positioning in the right ventricle (i.e., stable, triangular). (B) Improper catheter positioning in the right ventricle. The tip of the catheter is in contact with the ventricular walls. Representative PV loops noise resulting from a suboptimal catheter positioning in the right ventricle (i.e., collapsed, irregular). (C) Optimal catheter positioning in the left ventricle. The tip of the catheter is in the middle of the ventricle, isolated from the ventricle walls. Representative PV loops resulting from optimal catheter positioning in the left ventricle (i.e., stable, rectangular). (D) Improper catheter positioning in the left ventricle. The tip of the catheter is in contact with the ventricular walls. Representative PV loops resulting from a suboptimal catheter positioning in the left ventricle (i.e., collapsed, irregular). A 50 Hz FIR noise filter was applied to generate the PV loops.

DISCUSSION: 
Assessment of cardiac function is a critical step for preclinical cardiovascular and pulmonary-vascular research. Presented is a protocol to perform closed chest biventricular assessment of cardiac function in mice. Through this approach, one can generate the right ventricle and left ventricle PV loops in the same mouse. This approach provides a robust and complete assessment of cardiac function, allowing measurement of systolic and diastolic function, as well as stroke volume and cardiac output. Unlike the open chest approach classically used for rodent catheterization, this closed chest technique results in more stable physiology and more physiologically relevant data. While technically more challenging and dependent on operator skills to successfully position the catheter in the right and left ventricle, the closed chest approach limits the trauma and hemorrhage associated with open chest surgery and reduces the drastic pressure changes associated with exposing the lungs to atmospheric pressure. The closed chest approach also better emulates the cardiac catheterization procedure performed in patients, which enhances the relevance of using this technique in preclinical research.

The surgical procedure is the critical step of the protocol. Even when using a surgical microscope for catheter insertion in the jugular vein or carotid artery, which is recommended, this procedure requires practice and technical skill. Careful dissection of the vessels free from surrounding fascia by means of gentle, blunt dissection will increase the success of cannulation while minimizing the risk of hemorrhage. To minimize blood loss, it is crucial to cannulate the carotid in sequential steps: 1) introduce the catheter tip in the carotid artery; 2) gently tie the suture around the portion of the artery that contains the catheter; 3) release the secure suture, allowing catheter movement while maintaining gentle upward traction to minimize bleeding; and 4) advance the catheter to the aorta. Positioning the catheter in the ventricle, as determined by real-time waveform monitoring, is the most challenging part of this protocol. All the catheter's electrodes should be within the ventricular cavity and none should be touching the wall. Any improper positioning of the catheter will result in irregular PV loops and will adversely affect or preclude data acquisition. Recognizing the characteristic pressure-volume waveform that results from having all electrodes within the ventricle allows one to be confident of an appropriate catheter position. It is critical to obtain a stable ventricular pressure waveform and stable pressure-magnitude loops before shifting to the PV mode and volume acquisition. Proper knowledge of cardiac physiology and anatomy is essential for the success of this procedure. Online reading of the PV traces, from the atrium, the tricuspid valve area, and right ventricle, will show the advancing of the catheter and help achieve proper positioning. It is critical to know the normal heart rate (400–600 bpm), and waveforms and pressures expected (e.g., right ventricular systolic pressure, 18–25 mm Hg, diastolic pressure <5 mm Hg; left ventricular systolic pressure 90–120 mm Hg, diastolic pressure <8 mmHg) in mice to allow the operator to evaluate the veracity of the observed data. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The quality and reproducibility of the data will depend on the speed of the procedure and blood loss or hemorrhage. The procedure from anesthesia to completion of data acquisition takes on average ~30–40 min/mouse. Right heart catheterization from the insertion of the catheter to data acquisition takes 5–10 min, left heart catheterization from the insertion of the catheter to the data acquisition takes another 10–15 min. Publication-quality data is obtained in ~75% of cases. The sequence of steps in the cardiac catheterization should be kept constant between the animals. In this procedure, the mice are intubated first, followed by the right ventricular catheterization, and finally the left ventricular catheterization. The decision to proceed in this order is based on the greater difficulty and bleeding risk of left heart versus right heart catheterization. Old electrical installations could result in a nonspecific 50 Hz noise recording artifact. This noise could be diminished using an FIR filter with a high cutoff at 50 Hz and a low cutoff of 0 on the software. For the volume channel create a new channel/filter/FIR filter. A notch filter of 50 Hz could also be applied during data acquisition to eliminate mains noise and remove any radiofrequency interference.

The faster the catheterization is done, the better the quality of the data. Based on previous experience, it is recommended to acquire the data within 15 min. Increased catheterization time increases the physiologic stress on the animal and increases the risk of arrhythmia due to the presence of the catheter in the cavity. These forces can reduce stroke volume and impair the reproducibility and interpretability of the waveforms. In addition, the tip of the catheter is sharp and can damage or puncture the ventricle. This is particularly important for the right ventricle, which is ~ 1/3rd the thickness of the left ventricle. 

Invasive tracheostomy and positive pressure mechanical ventilation result in stable and controlled breathing of the mice and decrease the variability of the PV loops acquisition. However, positive end expiratory pressure (PEEP) is a marked contrast to normal ventilation, which is a negative pressure phenomenon. Together, positive pressure ventilation and PEEP lower cardiac output and reduce right heart pressure. Thus, while required for acquisition of stable data, mechanical ventilation as well as cardiodepressive effects of the anesthesia will affect the PV loops and should be considered as a limitation. Transiently stopping mechanical ventilation during the brief recording of PV loops is used to eliminate this potential source of artifacts. Note that ventilation efficiency can be confirmed by the capnography monitoring of carbon dioxide.

The technical skills required for the closed-chest approach may be a limitation of this technique. Likewise, it is challenging to obtain proper, stable positioning of the catheter in the ventricle. The odds of success increase with operator experience and with the size and weight of the mice. Catheterization of mice below 20 g is extremely challenging. The unique chamber geometry of the right ventricle might affects volume measurement and should be considered. The anesthetic used, heart rates, temperatures, and animal strain could affect the hemodynamic parameters and should be carefully reported and monitored. 

The procedure described in this protocol is a terminal procedure. Due to the invasiveness of the right and left catheterization, the animals should be euthanized immediately after data acquisition. The euthanasia should be performed according to the institution’s animal studies guidelines.

In conclusion, in this protocol both right and left ventricular catheterization are performed in the same mouse. Depending on a scientist’s specific aims, left or right ventricular catheterization can be performed independently, using the relevant portion of the biventricular procedure. However, the approach presented is optimal for complete assessment of cardiac function. 
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