

[image: image1]
Diastolic ventricular function in persistent pulmonary hypertension of the newborn












	
	TYPE Original Research

PUBLISHED 26 June 2023
DOI 10.3389/fped.2023.1175178






[image: image2]

Diastolic ventricular function in persistent pulmonary hypertension of the newborn

Kévin Le Duc1,2,3*, Thameur Rakza1,3, Jean Benoit Baudelet4, Mohamed Riadh Boukhris1,3, Sébastien Mur1,3, Ali Houeijeh2,4 and Laurent Storme1,2,3

1Department of Neonatology, Pôle Femme-Mère-Nouveau-Né, Hôpital Jeanne de Flandre, Centre Hospitalier Universitaire de Lille, Lille, France

2University of Lille, CHU Lille, ULR 2694—METRICS: Évaluation des Technologies de Santé et des Pratiques Médicales, axe Environnement Périnatal et Santé, Lille, France

3Center for Rare Disease Congenital Diaphragmatic Hernia, Jeanne de Flandre Hospital, Centre Hospitalier Universitaire de Lille, Lille, France

4Department of Pediatric Cardiology, Jeanne de Flandre Hospital, Centre Hospitalier Universitaire de Lille, Lille, France

EDITED BY
Roberto Murgas Torrazza, Secretaría Nacional de Ciencia, Tecnología e Innovación, Panama

REVIEWED BY
Martin Koestenberger, Medical University of Graz, Austria
Andrew D. Spearman, Medical College of Wisconsin, United States

*CORRESPONDENCE Kévin Le Duc kevin.leduc@chu-lille.fr

RECEIVED 27 February 2023
ACCEPTED 08 June 2023
PUBLISHED 26 June 2023

CITATION Le Duc K, Rakza T, Baudelet JB, Boukhris MR, Mur S, Houeijeh A and Storme L (2023) Diastolic ventricular function in persistent pulmonary hypertension of the newborn.
Front. Pediatr. 11:1175178.
doi: 10.3389/fped.2023.1175178

COPYRIGHT © 2023 Le Duc, Rakza, Baudelet, Boukhris, Mur, Houeijeh and Storme. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Persistent pulmonary hypertension of the newborn (PPHN) is usually considered a consequence of impaired pulmonary circulation. However, little is known regarding the role of cardiac dysfunction in PPHN. In this study, we hypothesized that the tolerance for pulmonary hypertension in newborn infants depends on the biventricular function. The aim of this study is to evaluate biventricular cardiac performance by using Tissue Doppler Imaging (TDI) in an healthy newborn infants with asymptomatic pulmonary hypertension and in newborn infants with PPHN.



Methods: Right and left cardiac function were investigated using conventional imaging and TDI in 10 newborn infants with PPHN (“PPHN”) and 10 asymptomatic healthy newborn infants (“asymptomatic PH”).



Results: Systolic pulmonary artery pressure (PAP) as assessed by TDI and the mean systolic velocity of the right ventricular (RV) free wall were similar in both groups. The isovolumic relaxation time of the right ventricle at the tricuspid annulus was significantly longer in the “PPHN” than in the “asymptomatic PH” group (53 ± 14 ms vs. 14 ± 4 ms, respectively; p < 0.05). Left ventricular (LV) function was normal in both groups with a systolic velocity (S'LV) at the LV free wall groups (6 ± 0.5 cm/s vs. 8.3 ± 5.7 cm/s, p > 0.05).



Conclusion: The present results suggest that high PAP with or without respiratory failure is not associated with altered right systolic ventricular function and does not affect LV function in newborn infants. PPHN is characterized by a marked right diastolic ventricular dysfunction. These data suggest that the hypoxic respiratory failure in PPHN results, at least in part, from diastolic RV dysfunction and right to left shunting across the foramen ovale. We propose that the severity of the respiratory failure is more related to the RV diastolic dysfunction than the pulmonary artery pressure.
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1. Introduction

Persistent pulmonary hypertension of the newborn (PPHN) is a clinical syndrome associated with diverse neonatal cardiopulmonary diseases, such as sepsis, meconium aspiration, and respiratory distress syndrome, but it can also be idiopathic (1). Physiologically, PPHN is characterized by the failure of the pulmonary circulation to dilate at birth. This leads to sustained elevation of PVR, causing extrapulmonary right-to-left shunting of blood across the DA and foramen ovale and severe hypoxemia (1). PPHN contributes significantly to high morbidity and mortality in hypoxemic newborns, but its pathophysiology remains poorly understood.

Most of the studies regarding PPHN pathogenesis have focused on the primary role of pulmonary circulation (1). Abnormal pulmonary vasoreactivity and structural changes in pulmonary vessel walls have been considered the main causes of PPHN (2). However, there is some evidence that cardiac dysfunction may play a major role in PPHN (3, 4). Severe pulmonary hypertension increases RV afterload, which may result in RV failure. The resulting elevation of RV telediastolic pressure causes right-to-left shunting of blood through the foramen ovale and worsens hypoxemia. In PPHN, hypoxemia may impact the quality of coronary perfusion, and LV functions might subsequently be impaired (5). Moreover, decreased pulmonary blood flow and venous return to the left atrium may decrease left atrial (LA) pressure and contribute to right-to-left shunting through patent foramen ovale, worsening hypoxemia. In addition, LV diastolic dysfunction can increase LA pressure producing pulmonary venous hypertension, pulmonary congestion with or without hemorrhage, and decreased pulmonary compliance.

Due to a high degree of interdependence between the right and left ventricles owing to the presence of common structures (the interventricular septum and the inextensible pericardium), changes in right ventricle size and geometry may alter LV function (6, 7). This may explain why PPHN is usually associated with low systemic pressure and cardiac output requiring cardiac support (1). However, the relative roles of abnormal pulmonary circulation and cardiac dysfunction in PPHN remain unknown.

Tissue Doppler Imaging (TDI) is used to evaluate the right cardiac performance. Myocardial TDI is a tool which allows a quantitative evaluation of the cardiac wall's movements by measurement of the intramyocardic velocities in real time. Compared to conventional Doppler techniques, TDI is an important advance in the assessment of cardiac function given its relative pre- and post-load independence and reproducibility (8). Whereas conventional Doppler techniques focus on the low intensity and high velocity echoes of blood flow, TDI measures the high intensity, low velocity echoes of the myocardium. The physical differences between the signal returning from moving blood and cardiac tissue motion is that the velocity in the hydraulic part (blood) is higher than in tissue (mechanic part) (9). TDI has been established as a reliable echocardiographic tool to assess ventricular dysfunction in children with pulmonary hypertension (10–12).

We hypothesize that the tolerance of pulmonary hypertension in newborn infants is dependent on cardiac function. In order to investigate this hypothesis, we conducted a comparative analysis of cardiac function between newborn infants with asymptomatic pulmonary hypertension and those with pulmonary hypertension associated with severe respiratory failure.



2. Materials and methods


2.1. Population

This prospective observational study was conducted at the Nursery and Neonatal Intensive Care Units of Lille University Hospital, France. We included newborn infants with a gestational age >36 weeks and PPHN (group “PPHN”) as defined by severe respiratory failure [mechanical ventilated, FiO2 >35%, and inhaled nitric oxide (iNO) treatment]. Asymptomatic newly born infants with no respiratory failure were included in the “asymptomatic PH” group. In both groups, newborn infants had a postnatal age of <2 h. The exclusion criteria were congenital cardiopathy, gestational age <36 weeks, use of inotropic drugs, and hypovolemia. Informed consent was obtained from the parents. This study was approved by the National Commission on Informatics and Liberty.



2.2. Method

All examination procedures were performed to provide a comprehensive echocardiographic examination for assessing RV and LV systolic and diastolic function using several indexes. Tissue Doppler Imaging (TDI) was performed in the supine position using an ultrasound machine (GE Vivid 7; GE Medical Systems, Princeton, NJ, USA). One investigator performed all the TDI procedures. We used TDI to evaluate right cardiac performance. Myocardial TDI is a tool that allows the quantitative evaluation of cardiac wall movements via measurement of intramyocardial velocities in real time. Whereas conventional Doppler techniques focus on the low-intensity, high-velocity echoes of blood flow, TDI measures the high-intensity, low-velocity echoes of the myocardium. There is a physical difference between the signal returning from moving blood and cardiac tissue motion because the velocity in the hydraulic part (blood) is higher than that in the mechanic part (tissue) (9). TDI has been established as a reliable echocardiographic tool to assess ventricular dysfunction in children with pulmonary hypertension (11, 13, 14). To optimize the performance of TDI in our neonatal population, each newborn having an echocardiogram by an advanced cardiologist is cocooned by a neonatal nurse or one of the parents to decrease anxiety and agitation of the patient. Before ultrasound is started, nonpharmacological approaches like non-nutritive sucking or sucrose is used to manage neonatal pain and stress avoiding major tachycardia (15). To optimize the quality of our TDI measurements, we respected an angle of insonation less than 20° to avoid underestimating velocities, a velocity range ± 0.16 m/s to avoid aliasing and a sample area of 2–3 mm (10).

Doppler measurements represent the average of three beats. Special care was taken to prevent angulation between the ultrasound beam and blood flow. The following Doppler parameters (pulsed, color, and tissue) were measured:


	–Left ventricular shortening fraction (LVSF) from a parasternal long-axis view (16).

	–Internal diameter and maximal velocity across the DA by color and pulsed Doppler from the high left parasternal view (14). PAP was evaluated using right-to-left maximal blood flow velocity and the Bernoulli formula (|ΔP = 4V2|), which is a noninvasive method supported by the literature (17, 18).

	–Mitral and tricuspid inflow velocities using the apical window with a pulsed-wave Doppler sample volume length of 2 mm placed at the mitral and tricuspid valve tips. Tricuspid and mitral inflows were assessed for peak early diastolic velocity (E) and peak late diastolic velocity (A).

	–Systolic velocity (S'), early diastolic velocity (E'), and late diastolic velocity (A') by TDI at the RV free wall (lateral area of the tricuspid annulus on the apical view) and at the LV free wall (lateral area of the mitral annulus on the apical view) by TDI pulsed spectral imaging of a sample volume length of 2–5 mm is placed within the myocardial wall of interest, interrogating the wall motion parallel to the cursor orientation. Images of the right and left ventricles were chosen to minimize the angle of incidence between the scanlines and the motion of the base of the heart. Filters were set to exclude high-frequency signals, and gains were set to obtain clear tissue signals with minimal background noise.

	–Isovolumic relaxation time of the right ventricle (IVRT; the time between the end of the S' wave and the beginning of the E' wave). The IVRT is the time between the closure of the pulmonary valve and the opening of the tricuspid valve. During this phase, the ventricle is a closed cavity whose volume does not change while the pressure generated during the systole decreases exponentially.

	–Inferior vena cava diameter (mm) using the low subcostal view;

	–To calculate the E/E' ratio, off-line analyses included measurements of E and E' for both ventricles.





2.3. Statistical analysis

The results are presented as means ± standard error of the mean. The data were analyzed using factorial analysis of variance. Intergroup differences were analyzed using the Kruskal–Wallis test (StatView for PC; Abacus Concepts, Berkeley, CA, USA). The Mann–Whitney test (independent values) and paired Wilcoxon rank test (paired values) were used to compare groups. P values < 0.05 were considered statistically significant.




3. Results

Twenty newborn infants were included in the study (10 in each group). The mean gestational age was 39 ± 1 weeks in the “asymptomatic PH” group and 38 ± 2 weeks in the “PPHN” group (p = 0.6). The mean birth weights were similar in each group (“asymptomatic PH” group: 3,400 ± 500 g; “PPHN” group: 3,000 ± 600 g; p = 0.08). PPHN-related diseases are shown in Table 1. In the “PPHN” group, the echocardiographic assessment was performed at a median age of 18 h [12–46]. In the “asymptomatic PH” and “PPHN” groups, the shunt through the DA was bidirectional in every infant. The mean pressure gradients across the DA were 0.7 ± 1.0 mmHg and 1.2 ± 2.0 mmHg in the “asymptomatic PH” and “PPHN” groups, respectively (p = 0.64). The mean DA diameter was equal between the two groups (3.7 ± 0.7 mm vs. 2.2 ± 1.6 mm, respectively; p = 0.09).


TABLE 1 Causes of the respiratory failure in the group “PPHN”.
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3.1. Right ventricular function

Figure 1 Illustrates the methodology for performing tissue Doppler imaging (TDI) on the right ventricle. The IVRT was significantly longer in the “PPHN” than in the “asymptomatic PH” group (53 ± 14 ms vs. 14 ± 4 ms, respectively; p < 0.05 Figure 2). All newborn infants in the “PPHN” group had a right-to-left or a bidirectional shunt across the foramen ovale. By contrast, the “asymptomatic PH” group had a left-to-right shunt across the foramen ovale (p < 0.05). No statistically significant difference in the mean diameters of the inferior vena cava was found between the two groups (Table 2). No difference in E wave velocity at the tricuspid annulus was found between the “PPHN” and “asymptomatic PH” groups (61 ± 21 cm/s vs. 63 ± 13 cm/s, respectively; p = 0.42). No significant difference in systolic velocity (S’RV), early diastolic velocity (E’RV), or late diastolic velocity (A’RV) was found by TDI at the RV free wall, and E/E’RV did not differ significantly between the two groups (Table 3).


[image: Figure 1]
FIGURE 1
Pulsed-wave o s s ler imaging at the lateral tricuspid annulus with measurements of cardiac cycle time intervals used for IVRT. (A)/As rn s tomatic PH group. (B)/PPHN group. IVRT RV is ned in the PPHN group (p < 0.05).
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FIGURE 2
Right ventricular diastolic function evaluated by the measurement of the Isovolumic Relaxation Time of the Right Ventricle (IVRT) at the tricuspid annulus. IVRT was significantly longer in the group "PPHN" (n = 10) than in the group "asymptomatic pulmonary hypertension" (n = 10). Data are mean±SD: *, p < 0.005.



TABLE 2 General parameters of the studied population.
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TABLE 3 Echographic parameters of the ventricular function.
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3.2. Left ventricular function

Systolic velocity (S’LV) at the LV free wall and the LVSF were similar in the two groups (6 ± 0.5 cm/s vs. 8.3 ± 5.7 cm/s, p = 0.12) and (49 ± 12% vs. 50 ± 15%, p = 0.55) (Table 3). In addition, no significant difference in LV diastolic function was found between groups (E'LV 6.6 ± 1.6 m/s vs. 5.5 ± 2.1 cm/s, p = 0.39), EM (80 ± 13 cm/s vs. 57 ± 18 cm/s, 0.07), and E/E'LV (10.3 ± 3.1 vs. 9.2 ± 2.9, p = 0.39); Table 3).





4. Discussion

In this study, we investigated the role of cardiac function in pulmonary hypertension tolerance in newborn infants. We evaluated diastolic and systolic ventricular function using spectral TDI in newborn infants with pulmonary hypertension with and without associated severe respiratory failure. Whereas PAP was similar, the RV isovolumic relaxation time was longer in newborn infants with respiratory failure. These results suggest that respiratory failure in pulmonary hypertension of the newborn is associated with RV diastolic dysfunction.

Several previous series have studied ventricular function in patients with PPHN. RV dysfunction is a determinant of illness severity in infants with pulmonary hypertension (18). Previous studies have examined the role of ventricular function in persistent pulmonary hypertension of the newborn (19–21). However, the use of tissue Doppler imaging (TDI) in neonates is uncommon, and our study emphasizes the importance of this modality in evaluating cardiac function in newborns with PPHN.Inadequate visualization of the RV free wall precludes accurate measurements of changes in the RV fractional area and ejection fraction (22). Spectral TDI at the tricuspid annulus allows a quantitative evaluation of ventricle wall movements (8). Systolic TDI velocity at the right ventricle free wall (S'RV) quantifies the velocity of the tricuspid annulus displacement toward the apex. It is considered a preload- and afterload-independent marker of RV systolic function (22, 23). Our systolic S velocity and diastolic E' and A' velocities in infants without respiratory failure agree with previous data (24). Due to the rapid diastolic filling of the right ventricle caused by the high heart rate, the tissue velocity signals can overlap or fuse together, making it visually challenging to distinguish the individual E' and A' waves. In order to mitigate the fusion effect, our cardiologists implemented a waiting period after sucrose administration and cocooning to allow the heart rate to decrease (25). Reduced systolic myocardial velocities (S') were found in newborn infants over 15 days of age with pulmonary hypertension, which suggests impaired systolic function (26). In the present study, high PAP with or without respiratory failure was not associated with decreased S'RV, indicating that pulmonary hypertension does not alter systolic right function in newborn infants.The patency of the DA may explain these results in our population. The DA patency prevents supra systemic overload of the right ventricle and a right-to-left shift of the septum; it also avoids life-threatening dysfunction of the right ventricle (27).

The early diastolic trans-tricuspid peak flow velocity (E wave) is proportional to right atrial pressure (28). The E'RV of the RV free wall (E') is a preload-independent marker of RV diastolic relaxation (29). Thus, the E/E’ ratio is considered to be an index of the RV filling pressure. Sciomer et al. (6) showed that a tricuspid E/E' ratio >6 accurately predicts a mean atrial pressure >10 mmHg. The E/E' ratio in our studied population with pulmonary hypertension was > 6, suggesting that elevated PAP is associated with high right atrial pressure in newborn infants. Diastolic RV function in adult patients can be assessed by measuring the IVRT (30, 31). In the present study, the duration of the IVRT of the right ventricle was four times longer in newborn infants with pulmonary hypertension and respiratory failure than in newborn infants with pulmonary hypertension and no respiratory failure. The IVRT has been reported to be prolonged in patients with pulmonary hypertension (30, 31). Previous studies have shown that IVRT increases during the fetal period from 17 weeks of gestation until term (32). It has also been demonstrated that an increase in preload leads to a decrease in IVRT (33). Furthermore, a prior study in newborns weighing <1,250 g reported high IVRT-RV values similar to our PPHN group (34).These consistent findings are in line with the fact that premature newborn present respiratory distress requiring ventilatory support. In addition, other studies showed similar results with increased IVRT in newborn infants with hypoxic-ischemic encephalopathy during therapeutic hypothermia, indicating diastolic dysfunction in this population (35). These data provide evidence for a striking diastolic dysfunction of the right ventricle in newborn infants with PPHN. Diastolic dysfunction may alter RV relaxation. The elevation of end-diastolic right ventricular pressure may increase right-to-left blood shunting through the foramen ovale, worsening hypoxemia. Similar results were obtained in a patient with severe hypoxia with prolongated IVRT and myocardial performance index without modification of late relaxation parameters (35).

The mechanism of PPHN-induced diastolic RV dysfunction is presently unknown. Previous studies have reported that PPHN is associated with increased pro-inflammatory cytokines and oxidative stress (36). Pro-inflammatory cytokines, particularly IL-6, have been shown to impair diastolic ventricular function (37). The newborn heart is more sensitive to inflammation because of its immature muscular arrangement and increased collagen concentration (38).

Previous studies in adults or newborns with congenital diaphragmatic hernias have shown that RV dysfunction may impair LV function (39). It can affect the LV pressure-volume relationship through the interventricular septum, which shifts toward the left cavity and causes the ventricles to compete with each other for space within the pericardium (3, 6, 40). In the present study, no evidence of LV dysfunction was found in newborn infants with pulmonary hypertension. The patency of the DA may explain this discrepancy in our population. Several studies have shown the benefits of maintaining DA patency by augmenting systemic blood flow in the setting of LV failure and reducing the effective afterload on the pressure-loaded right ventricle, thereby alleviating RV dilatation and myocardial dysfunction by acting as a pressure “blow-off” (27, 41).

In our study, we assess pulmonary arterial pressures using the pressure gradient across the patent ductus arteriosus (PDA), a method that has been validated in the literature (17, 18). However, it is important to acknowledge that this assessment is influenced by systemic arterial pressure variations and may introduce a potential bias in the interpretation of pulmonary pressures. To mitigate this potential bias, we specifically included only patients with normal arterial blood pressure at term and excluded those requiring inotropic support or exhibiting hypovolemia. By focusing on patients with stable blood pressure, we aimed to ensure the reliability and validity of the PDA pressure gradient as an estimation of pulmonary arterial pressures in both group.

Our study has several limitations that should be acknowledged. Firstly, the sample size was small, which may limit the generalizability of our findings. Secondly, all measurements were performed by a single observer, introducing the potential for observer bias. It would have been valuable to have a second investigator independently perform the measurements and report the inter-observer variability. Furthermore, the absence of direct hemodynamic data, such as cardiac catheterization, is notable. However, given the invasiveness of this technique, it was not feasible to perform it in our vulnerable population. Instead, we relied on non-invasive measures to assess cardiac function. Another potential limitation is the possibility of selection bias in this small, non-randomized study. Clinical decisions were made by a multidisciplinary team throughout the day to ensure standardized patient care and minimize bias. However, it is important to acknowledge that the possibility of selection bias cannot be completely eliminated. It would have been interesting to include LV IVRT in the TDI analysis of the left ventricle, and this warrants further studies. In summary, while our study provides valuable insights, the limitations regarding sample size, single observer measurements, absence of direct hemodynamic data, and potential selection bias should be taken into consideration when interpreting the results.



5. Conclusion

Taken together, we found that, compared with asymptomatic pulmonary hypertension, PPHN is characterized by marked right diastolic ventricular dysfunction, whereas systolic function is preserved. The impaired RV diastolic function causes a decrease in RV compliance. Thus, the hypoxic respiratory failure in PPHN results, at least in part, from the diastolic RV dysfunction-induced increase in right-to-left shunting across the foramen ovale. We propose that the severity of the respiratory failure is more related to the RV diastolic dysfunction than the pulmonary artery pressure.
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Parameters Asymptomatic PH| PPHN
Weight (g) 3,400 500 3,000 + 600
Gestational age (W) 39+1 3812

Inferior vena cava diameter (mm) 5313 62222

DA diameter (mm) 37407 22:16
DA mean pressure gradient (mmHg) 07=1 122
Heart rate (bpm) 139220 136221

Data are presented as mean + SD.
DA, Ductus arteriosus: PA, Pulmonary Artery.
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PH

Left ventricular | EM (cm/s) 80+13 57+18
function SLV (cmls) 6005 83:57
ELV (cmis) 66+16 55:21
A'LV (cm/s) 38+1.1 49+34
E/E‘LV 103 +3.1 9.2+29
LVSE (%) 4882+1168 | 5019+ 1487
Right ventricular | ET (cmi/s) 6313 61421
function SRV (cm/s) 72515 7517
ERV (cm/s) 10435 9.9+40
A'RV (cm/s) 4741 50+35
E/ERV 6.86 +3.01 6.67 +2.23
IVRTRV (ms) 144 53+ 14

‘Shunt across PFO | Left-to-Right 100 0
%) Bidirectional 0 80
Right-to-Left 0 20

Data are presented as mean + SD.
LV, left ventricle; RV, right ventricle; EM, E wave at the mitral annulus; ET, E wave a
the tricuspid annulus; Systolic velocity (SLV, SRV), early diastolic velocity (E'LV
ERV) and late diastolic velocity (ALY, ARV) measured by tissue Doppler at
respectively the left and the right ventricles free walls

IVRTRV, Isovolumic relaxation time of the right ventricle; LVSF, left ventricle
shorisninig fraction: PO Patent Foramen Ovale
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