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SUMMARY: 
This protocol describes echocardiography assessment of cardiac structure, function, and pulmonary hypertension in a lamb model of evolving bronchopulmonary dysplasia. The method enables serial evaluation of cardiopulmonary disease and may be applied to other large-animal models of neonatal and adult cardiovascular disease.

ABSTRACT: 
Premature birth is strongly associated with cardiac dysfunction, including impaired ventricular function and altered cardiac structure, which can lead to progressive heart failure and other short- and long-term morbidities. However, the natural history of cardiac dysfunction in infants born prematurely is not well defined. In the lamb model of bronchopulmonary dysplasia with associated pulmonary hypertension (BPD-PH), lambs are delivered at 110–128 days gestation (full term is approximately 145 days) and mechanically ventilated. The lambs develop cardiopulmonary complications of prematurity, including alveolar simplification on lung histology, the hallmark of BPD, and signs of increased pulmonary vascular resistance on echocardiography, consistent with evolving BPD-PH. This article describes a protocol for serial assessment of cardiac morphometry and function by echocardiography in preterm and convalescing preterm lambs (up to approximately two months postnatal age). The protocol was developed by adapting guidelines from the American Society of Echocardiography. Echocardiography is serially performed on intubated and moderately sedated lambs using a bedside ultrasound system. Atrial and ventricular dimensions, right and left ventricular function, and PH-related measurements are obtained at each echocardiographic assessment. Measurements are reproducible and correlate with clinical status. This echocardiography protocol for assessing cardiac structure and function in lambs enables characterization of BPD-PH and evaluation of therapeutic approaches.

INTRODUCTION: 
The lamb model of evolving bronchopulmonary dysplasia and pulmonary hypertension (BPD-PH) replicates both the developmental lung stage and clinical care setting experienced by preterm infants in the neonatal intensive care unit (NICU). In the lamb model of evolving BPD-PH, lambs are delivered across a range of gestational ages from 110 d gestation (late canalicular phase of lung development, equivalent to 22–24 weeks gestation) through term (145 d) and mechanically ventilated. Lambs are followed for up to six months for the development of cardiopulmonary disease. This model recapitulates pathophysiology and histopathology resulting from mechanical ventilation with oxygen-rich gas in preterm neonates, including alveolar simplification and thickened septae1. The strength of the lamb model of BPD-PH is its similarity to human developmental lung stages and the relatively large size of lambs, which allows for frequent blood draws and the use of clinical tools imported directly from the NICU2. Here, we report a protocol for serial echocardiography for the assessment of cardiac function and pulmonary hypertension (PH) in lambs.

BPD-PH is a common and significant cardiopulmonary complication in survivors of preterm birth3–5. Infants born at lower gestational ages and birth weights are at highest risk for BPD and BPD-PH3. BPD-PH occurs when abnormal lung development secondary to prematurity and mechanical and oxidative stress leads to vascular remodeling over the course of several months4. This contributes to increased pulmonary vascular resistance, resulting in right ventricular strain and, in severe cases, failure, ultimately increasing morbidity and mortality in later infancy and early childhood5.

Echocardiography allows for noninvasive serial assessment of several anatomical and physiological features of both the right and left ventricles. The American Society of Echocardiography has published guidelines for pediatric transthoracic echocardiograms6,7. Similar guidelines do not exist for preclinical models such as the neonatal lamb model of BPD-PH. Here, we present an echocardiography protocol modified for the neonatal lamb model. While the anatomy of the lamb thorax and abdominal compartment limits the ability to obtain subcostal views, apical and parasternal views are readily obtainable. These views allow for comprehensive evaluation of cardiac function and PH using multiple parameters, including ventricular septal position, pulmonary artery acceleration time (PAAT), tricuspid annular plane systolic excursion (TAPSE), tricuspid regurgitation, right ventricular (RV) fractional area of change (FAC), and left ventricular (LV) ejection fraction (EF). Furthermore, we correlated echocardiographic measurements with clinical status and cardiac catheterization results, validating the utility of echocardiography as a noninvasive method of cardiac assessment in the lamb model of BPD-PH.

PROTOCOL:
All experimental procedures were performed in compliance with the animal handling and training standards of the University of Utah’s Institutional Animal Care and Use Committee.

1. Procedure setup

1.1. Position the lamb in a sling in the prone position.

1.2. Position the echocardiographer on the left side of the lamb for most echocardiographic views described in this protocol, unless otherwise noted.

1.3. Place the ultrasound machine toward the head of the sling setup so that the echocardiographer can interface with the controls using the left hand and hold the transducer in the right hand.

1.4. Use an assistant to help position the lamb, with the assistant positioned on the opposite side of the lamb. Refer to Figure 1 for the experimental setup and lamb positioning used for transthoracic echocardiographic image acquisition.

[Place Figure 1 here]

1.5. Monitor oxygen saturation (SpO₂), arterial blood pressure, and heart rate throughout the procedure. Halt the procedure to allow vital signs to stabilize or abort the procedure if SpO₂ remains <90% for 2 min, heart rate is <60 beats/min, or respiratory rate is >100 breaths/min despite ventilator and inspired oxygen fraction adjustments, or if arterial blood pressure decreases by >15% from the pre-procedure baseline.

2. Ultrasound machine setup

2.1. Record subject information, including identifiers, weight, and blood pressure (systolic, diastolic, and mean).

2.2. Select the desired transducer. For lambs, use a 12S (5–11 MHz) phased-array cardiac transducer.

2.3. Select ultrasound presets for cardiac imaging, if available.

NOTE: Maintain consistent physiologic conditions (e.g., heart rate, respiratory status, and level of sedation) during echocardiographic acquisition, as these factors can influence Doppler-derived measurements.

3. Lamb positioning and transducer position

3.1. The precise lamb position and transducer position required to obtain standard transthoracic echocardiographic views can vary depending on gestational age at birth, postnatal age, lung inflation, and abdominal distention.

3.2. Start in the prone position with the lamb’s left leg extended forward at the shoulder and resting in the sling, exposing the left axilla and thorax. Manipulate the lamb’s position in the sling as needed to obtain optimal views. If needed, position the lamb in a partial to full right lateral decubitus position within the sling.

3.3. Apply ultrasonic gel to the transducer tip and the lamb chest wall to ensure optimal conduction of ultrasound waves.

NOTE: The views described below are typically obtained between the 3rd–6th intercostal spaces on the more ventral aspect of the thorax (i.e., toward the sternum).

4. Obtain standard apical views

NOTE: Apical views are more readily obtained in preterm and term lambs. In our experience, as lambs age beyond 2 months, the thorax enlarges and the apex of the heart moves farther away from the chest wall, making these views difficult to obtain from the left thorax.

4.1. Position the transducer in the 5th–6th intercostal space.

4.2. Point the transducer toward the right shoulder.

4.3. Start with the transducer indicator pointing dorsally toward the lamb’s left ear.

4.4. To obtain the standard apical four-chamber (A4C) view, fan the transducer tail caudally and rotate the transducer clockwise or counterclockwise as needed until the maximal outer margins of the right and left ventricles are visible and the right and left atria are visualized without foreshortening. In the optimal A4C view, the tricuspid and mitral valves are visible, but the left ventricular outflow tract (LVOT) is not (Figure 2A)6,7.

[Place Figure 2 here]

4.5. Once the A4C view is obtained, obtain the following parameters:

4.5.1. Record a cine loop of at least 3 cardiac cycles (5–7 cycles is preferred) for measuring RA and LA dimensions, RV dimensions, RV FAC, subjective assessment of septal position, and LV ejection fraction (which also requires the LV-focused apical two-chamber view described below)6,7.

4.5.2. Measure TAPSE by aligning the cursor with the lateral tricuspid annulus and recording an M-mode tracing6–8.

4.5.3. Measure MAPSE by aligning the cursor with the lateral mitral annulus and recording an M-mode tracing9.

4.6. While maintaining the A4C view, add color Doppler and obtain the following parameters by positioning the cursor as parallel to the Doppler flow as possible (ideally with an angle of insonation of <20°):

4.6.1. Assess tricuspid regurgitation presence and peak velocity by placing the region-of-interest box over the tricuspid valve, aligning the cursor parallel with the color signal through the tricuspid valve, and recording a continuous-wave Doppler tracing6,7.

4.6.2. Assess mitral regurgitation presence and peak velocity by placing the region-of-interest box over the mitral valve, aligning the cursor parallel with the color signal through the mitral valve, and recording a continuous-wave Doppler tracing6,7,10.

4.6.3. Measure mitral valve inflow E and A waves (E/A ratio) by placing the region-of-interest box over the mitral valve, aligning the cursor parallel with the color signal through the mitral valve inflow, positioning the sample gate at the tips of the open mitral valve leaflets during diastole, and recording a pulsed-wave Doppler tracing6,7,10.

4.7. Obtain the LV-focused A2C view:

4.7.1. While maintaining the A4C view and the apical position of the transducer, rotate the transducer counterclockwise around the LV axis (approximately 45°–90°) until the RA and RV drop out and the LV A2C view showing the LV and LA becomes visible (Figure 2B).

4.7.2. Record a cine loop of at least 3 cardiac cycles (5–7 cycles is preferred) in the LV-focused A2C view, which is required for LV ejection fraction by Simpson’s method6,7,11.

NOTE: Additional assessments of mitral regurgitation and inflow can be obtained in the LV-focused A2C view using the methods described in Steps 4.6.2 and 4.6.3.

4.8. Obtain the LVOT-focused apical five-chamber (A5C) view:

4.8.1. Return to the standard A4C view and tilt the transducer anteriorly with slight rotational adjustments until the LVOT becomes visible (Figure 2C).

4.8.2. Measure LVOT velocity time integral by aligning the cursor parallel with the LV outflow, placing the gate just proximal to the aortic valve annulus, and obtaining a pulsed-wave Doppler tracing to determine LVOT VTI. Use VTI and aortic valve annulus diameter (obtained on PLAX and described below in Step 6.2.2) to estimate left ventricular cardiac output (CO), as described in adults, using the following formula6,7,12,13: 



5. Obtain parasternal short-axis views (PSAX)

5.1. Place the transducer between the 4th and 5th intercostal spaces near the sternum with the indicator oriented dorsally and slightly caudally.

5.2. Fine-tune the PSAX view by sliding the transducer away from the sternum, applying slight rotation in either direction, and/or fanning the transducer tail cranially or caudally until a PSAX view of the aortic valve en face is visible (Figure 3A).

[Place Figure 3 here]

5.3. With the aortic valve en face centered in the view, fan the transducer tail until the right ventricular outflow tract (RVOT) and pulmonary artery (PA) become visible (Figure 3B).

5.4. Return to the PSAX view of the aortic valve en face and fan the transducer tail toward the head to obtain the PSAX view at the level of the mitral valve. Continue fanning until reaching the level of the mid-papillary muscles (Figure 3C).

5.5. Return to the PSAX view of the RVOT and PA. Add color Doppler and obtain the following:

5.5.1. Measure pulmonary artery acceleration time (PAAT) by using color Doppler to assess the direction of flow and image quality, aligning the cursor parallel to the flow, placing the gate just distal to the pulmonary valve, and obtaining a pulsed-wave Doppler tracing (Figure 3D)13,14.

5.5.2. Assess patent ductus arteriosus by evaluating its presence and direction of flow using color Doppler and pulsed-wave Doppler15.

5.6. Record a cine loop of at least 3 cardiac cycles (5–7 cycles is preferred) to assess intraventricular septum position and thickness and to measure left ventricular end-systolic eccentricity index (LVesEI) and the RV:LV end-systolic diameter ratio6,7.

6. Obtain parasternal long-axis views (PLAX)

6.1. Fan the transducer back to the PSAX view of the aortic valve en face and rotate the transducer approximately 90° so that the indicator is positioned cranially to obtain a PLAX view (Figure 2D).

NOTE: Rocking the transducer tail cranially exposes more of the LV apex, whereas rocking the transducer tail caudally exposes more of the LVOT and ascending aorta.

NOTE: In either position, fanning the transducer tail upward (toward the vertebrae) exposes the LV inflow, whereas fanning the transducer tail downward (toward the legs) exposes more of the LVOT, aortic valve, and ascending aorta.

6.2. In the PLAX view, obtain the following parameters:

6.2.1. Measure LV shortening fraction by aligning the cursor perpendicular to the long axis of the LV so that it crosses the minor axis of the LV at the mid-ventricle and recording an M-mode tracing6,7.

6.2.2. Measure aortic valve annulus diameter by optimizing the PLAX view to visualize the LVOT and aortic valve. Record a cine loop of at least one cardiac cycle to measure the diameter of the aortic valve annulus at the valve hinge point at end-systole. Use this value along with VTI to estimate cardiac output, as described earlier6,7,12,13.

7. Obtain additional views from the right thorax

7.1. Obtain additional PSAX and PLAX views from the right thorax as needed, using similar methods as described above.

REPRESENTATIVE RESULTS:
The majority of the standard views recommended in the American Society of Echocardiography (ASE) pediatric echocardiography guidelines can be obtained in lambs. The standard A4C view, A2C view, and A5C view including the LVOT can be visualized (Figure 2A–2C). The parasternal long-axis view including the LVOT is also feasible (Figure 2D). A full complement of parasternal short-axis views, including views at the level of the aortic valve, pulmonary artery, and papillary muscles, can be obtained (Figure 3A–3C). Pulmonary artery Doppler images allow calculation of PAAT (Figure 3D). It is not feasible to obtain subcostal or suprasternal views due to the anatomy of the lamb thorax and abdominal compartment.

We compared PAAT, a key measure of PH that can be routinely calculated by echocardiography, to direct mean pulmonary artery pressure measurements obtained during cardiac catheterization of lambs (Table 1). The lambs included (n = 5) were 40% male, born at 145–150 d gestation, and weighed 5.0–8.2 kg at the time of assessment. Echocardiography was performed immediately prior to cardiac catheterization between day of life 7 and 21. We demonstrated that PAAT significantly and inversely correlates with invasive mean pulmonary artery pressure in neonatal lambs (Figure 4). Our findings are consistent with studies in children demonstrating a significant inverse relationship between PAAT and invasively measured mean pulmonary artery pressure, further supporting the utility of PAAT as a noninvasive marker of PH in our lamb model16.

[Place Table 1 here]

[Place Figure 4 here]

Finally, we correlated echocardiography findings with clinical status and used echocardiography results to guide management of study animals and track responses to hemodynamic interventions. For example, in the hours following delivery, some preterm lambs experienced acidosis, PH, and biventricular dysfunction following initial resuscitation measures, which could be visualized with echocardiography (Figure 5A). As ventilation improved and acidosis resolved, pulmonary vascular resistance decreased during the transition to the extrauterine environment, and resolution of PH and ventricular dysfunction could be monitored using echocardiography (Figure 5B).

[Place Figure 5 here]

FIGURE AND TABLE LEGENDS: 
Figure 1. Experimental setup for transthoracic echocardiographic image acquisition in the lamb. Representative setup demonstrating lamb positioning within the sling and positioning of the echocardiographer and ultrasound machine during image acquisition.

Figure 2. Representative apical and parasternal long-axis echocardiography views in the lamb. (A) Standard apical four-chamber (A4C) view at end-systole. (B) LV-focused apical two-chamber (A2C) view highlighting the LV and LA at end-systole. (C) LVOT-focused apical five-chamber (A5C) view demonstrating the left ventricular outflow tract. (D) Parasternal long-axis (PLAX) view including the aortic valve and ascending aorta. Ao, aorta; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; RA, right atrium; RV, right ventricle.

Figure 3. Representative parasternal short-axis echocardiography views in the lamb. (A) Parasternal short-axis view at the level of the aortic valve. (B) Parasternal short-axis view demonstrating the right ventricular outflow tract (RVOT) and pulmonary artery following transducer fanning. (C) Parasternal short-axis view obtained at the level of the mid-papillary muscles. (D) Representative pulsed-wave Doppler tracing of the pulmonary artery used for measurement of pulmonary artery acceleration time (PAAT). Ao, aorta; AV, aortic valve; LA, left atrium; PA, pulmonary artery; PAAT, pulmonary artery acceleration time; RV, right ventricle; RVOT, right ventricular outflow tract.

Figure 4. Linear regression plot demonstrating the inverse relationship between pulmonary artery acceleration time (PAAT) and invasively measured mean pulmonary artery pressure in lambs. PAAT, pulmonary artery acceleration time; PA, pulmonary artery.

Figure 5. Correlation of echocardiography findings with clinical status. (A) Parasternal short-axis image obtained 2 h after delivery from a preterm lamb with hypoxia and acidosis, demonstrating RV dilation with septal bowing into the LV, consistent with pulmonary hypertension and critical illness. (B) Parasternal short-axis image obtained from the same lamb on day of life 8 after resolution of hypoxia and acidosis, demonstrating resolution of RV dilation and normalization of septal position. LV, left ventricle; RV, right ventricle.

Table 1. Representative echocardiography and cardiac catheterization measurements from neonatal lambs demonstrating the relationship between pulmonary artery acceleration time (PAAT) and invasive mean pulmonary artery pressure. Data are presented as mean (standard deviation). Correlations were determined by simple linear regression. PAAT, pulmonary artery acceleration time.

DISCUSSION:
Echocardiography offers a noninvasive method to assess cardiac structure, function, and PH in lambs, including preterm and ex-preterm lambs (up to approximately two months corrected for gestational age) with evolving BPD-PH. A critical aspect of echocardiography in neonatal lambs is the use of a standardized protocol based on established guidelines and the application of the same rigor and best practices for image acquisition and measurement used clinically in human infants.

Other investigators have reported that in ruminants, such as sheep, reliable echocardiographic images can only be obtained from the right thorax. However, unique to preterm and young lambs (up to approximately two months corrected for gestational age) is the ability to obtain apical views from the left chest and parasternal short- and long-axis views from both the right and left sides of the lamb. This is possible due to the relatively narrow diameter and keel-shaped thorax of neonatal lambs, which likely places the heart in closer proximity to the left chest wall than in older ruminants. An advantage of the keel-shaped thorax, which is also present in many other quadrupeds, including goats and some dog breeds (e.g., greyhounds and Dobermans), is that, depending on the species and age of the animal, it may allow image acquisition from either side of the thorax17. In our experience, when the echocardiographer encounters difficulty obtaining satisfactory images from one side of the thorax, adequate images can often be obtained from the opposite hemithorax. Other approaches to improve image acquisition and image quality include repositioning the lamb in the sling, for example, by placing a towel to one side of the animal to rotate the body toward the contralateral side. It is notable that in preterm and young term lambs, the coat is thin enough that shaving is not required prior to echocardiography. However, researchers studying older animals may find that shaving is necessary to obtain clear images. If the lamb is active during the procedure, additional sedation can be administered. However, this strategy should be used sparingly, as excessive sedation can affect heart rate, cardiac output, and other cardiac indices18,19.

Physiological variables such as heart rate, respiratory status, and sedation can influence echocardiographic measures of cardiac function and PH. While some physiologic variability between lambs is unavoidable, investigators should make efforts to standardize physiologic conditions between lambs undergoing echocardiography. To minimize variability related to hemodynamics, we recommend using defined acceptable ranges for heart rate based on gestational age at birth and postnatal age, standardizing respiratory support settings between comparison groups, and implementing standardized sedation protocols to reduce the physiological impact of sedation on echocardiographic measures. To improve the reliability and reproducibility of results, investigators should report relevant physiological parameters, including vital signs, respiratory support, and sedation administration, along with echocardiographic measures of cardiac function and PH.

Limitations of echocardiography in lambs are similar to those encountered in infants. In particular, assessment of PH by echocardiography is indirect, which may result in inaccurate diagnosis or over- or underestimation of PH severity20,21. However, because echocardiographic assessment of PH is a frequent endpoint in pediatric clinical trials, a protocol for echocardiography in the lamb model of BPD-PH allows alignment of endpoints with human trials and estimation of effect size22,23. Additionally, although echocardiographic measurements may be influenced by Doppler angle dependence and the hemodynamic effects of sedation in the lamb model, these potential confounders can be minimized in well-designed studies by applying standardized imaging and sedation protocols consistently across intervention and control groups. A specific limitation of echocardiography in lambs is the inability to obtain subcostal and suprasternal views. This limitation has also been reported by other groups in non-neonatal ruminants17. Despite these limitations, echocardiography adds significant value to neonatal lamb and other large-animal models of cardiovascular disease.

Echocardiography has become increasingly popular in the neonatal intensive care unit, with a proliferation of protocols for clinicians interested in bedside assessment of cardiac structure, function, and PH6,24,25. As more centers apply these protocols, additional knowledge is gained regarding the prevalence, risk factors, and outcomes associated with BPD-PH. However, knowledge gaps regarding the underlying mechanisms of BPD-PH remain. Clinically relevant animal models, such as our lamb model of evolving BPD-PH, which can integrate echocardiographic, physiologic, and histologic data, are instrumental for elucidating mechanisms and therapies for BPD-PH. Echocardiographic findings and protocols have also been reported in other neonatal large-animal models26,27. Our protocol allows assessment of the same clinically relevant endpoints in preclinical studies of novel therapeutics. Compared with cardiac catheterization, echocardiography is relatively rapid, noninvasive, and amenable to serial assessment28,29. Establishment of standardized echocardiography protocols and reporting methods for large-animal models, based on adaptations of human clinical guidelines such as those published by the American Society of Echocardiography, may improve the reproducibility and translational potential of large-animal studies investigating novel therapeutics for neonatal cardiopulmonary disease.
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