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Left atrial hypertension (LAH) may contribute to pulmonary hypertension (PH) in premature infants with bronchopulmonary dysplasia (BPD). Primary causes of LAH in infants with BPD include left ventricular diastolic dysfunction or hemodynamically significant left to right shunt. The incidence of LAH, which is definitively diagnosed by cardiac catheterization, and its contribution to PH is unknown in patients with BPD-PH. We report the prevalence of LAH in an institutional cohort with BPD-PH with careful examination of hemodynamic contributors and impact on patient outcomes. This single-center, retrospective cohort study examined children <2 years of age with BPD-PH who underwent cardiac catheterization at Lucile Packard Children's Hospital Stanford. Patients with unrepaired simple shunt congenital heart disease (CHD) and pulmonary vein stenosis (only 1 or 2 vessel disease) were included. Patients with complex CHD were excluded. From April 2010 to December 2021, 34 patients with BPD-PH underwent cardiac catheterization. We define LAH as pulmonary capillary wedge pressure (PCWP) or left atrial pressure (LAP) of at least 10 mmHg. In this cohort, median PCWP was 8 mmHg, with LAH present in 32% (n = 11) of the total cohort. A majority (88%, n = 30) of the cohort had severe BPD. Most patients had some form of underlying CHD and/or pulmonary vein stenosis: 62% (n = 21) with an atrial septal defect or patent foramen ovale, 62% (n = 21) with patent ductus arteriosus, 12% (n = 4) with ventricular septal defect, and 12% (n = 4) with pulmonary vein stenosis. Using an unadjusted logistic regression model, baseline requirement for positive pressure ventilation at time of cardiac catheterization was associated with increased risk for LAH (odds ratio 8.44, 95% CI 1.46–48.85, p = 0.02). Small for gestational age birthweight, sildenafil use, and CHD were not associated with increased risk for LAH. LAH was associated with increased risk for the composite outcome of tracheostomy and/or death, with a hazard ratio of 6.32 (95% CI 1.72, 22.96; p = 0.005). While the etiology of BPD-PH is multifactorial, LAH is associated with PH in some cases and may play a role in clinical management and patient outcomes.
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Introduction

Premature infants with bronchopulmonary dysplasia (BPD), or chronic lung disease of prematurity, are at risk for developing pulmonary vascular disease and associated pulmonary hypertension (PH). PH is defined hemodynamically by a mean pulmonary artery pressure (PAP) >20 mmHg (1). Approximately 20% of infants with BPD develop PH, and this risk increases with BPD severity (2–6). Immature alveolar and pulmonary vascular development, in combination with complex postnatal factors, results in decreased pulmonary vascular surface area, altered vascular tone, and pathologic vascular changes that culminate in PH (7–9). While lung disease is a main driver of pulmonary vascular disease in premature infants, there is increasing concern about the potential contribution of left atrial hypertension (LAH), which may result from left ventricular diastolic dysfunction or a volume load from a hemodynamically significant left to right shunt (10). LAH may have important clinical implications in the management of BPD-PH, as the use of pulmonary vasodilator therapy in the setting of unrecognized LAH may promote pulmonary edema and result in worsened respiratory status and/or prolonged need for respiratory support. Mourani et al. reported two cases of infants with BPD-PH in whom LAH was present at cardiac catheterization and thought to contribute to both pulmonary hypertension and significant diuretic-dependent pulmonary edema (11).

The incidence of LAH, which is definitively diagnosed by cardiac catheterization, and its contribution to BPD-PH is unknown. Some groups have explored the ability to identify diastolic dysfunction non-invasively by echocardiogram in premature infants (12, 13). However, differences in neonatal myocardial compliance and heart rate make these measures challenging to reliably obtain and interpret. Further, these echocardiographic measures lack the ability to quantitate left atrial pressure. Small, single-center reports of catheterization hemodynamics in BPD-PH suggest that the median left atrial pressure is normal at 7–10 mmHg (14–17). No studies have explored the impact of LAH on outcomes or sought to explore risk factors for the development of LAH. We hypothesize that a subset of infants with BPD-PH have concomitant LAH at cardiac catheterization, which may impact clinical outcomes.



Methods

This retrospective cohort study evaluated patients with history of BPD-PH who underwent cardiac catheterization at Lucile Packard Children's Hospital Stanford from April 2010 to December 2021. Patients were included based on the following criteria: catheterization performed at our center, age <2 years at catheterization, PH as defined by criteria of mean PAP >20 mmHg, and diagnosis of bronchopulmonary dysplasia [based on gestational age and respiratory support at 36 weeks postmenstrual age (PMA)] (18). Infants with unrepaired simple shunt congenital heart disease [atrial septal defect (ASD), ventricular septal defect (VSD), and patent ductus arteriosus (PDA)] as well as pulmonary vein stenosis involving 2 or fewer veins were included. Patients with complex congenital heart disease, those who required cardiothoracic surgery, and those who had catheterization performed at an outside institution were excluded from this analysis. LAH was defined as a directly measured left atrial pressure (LAP) or pulmonary capillary wedge pressure (PCWP) ≥10 mmHg. In the presence of pulmonary vein stenosis, either direct LAP or PCWP from a lung segment with unobstructed pulmonary venous return was used. Acute vasoreactivity testing (AVT) was performed in a subset of patients. Hemodynamics were recorded at baseline and with maximal vasodilator therapy, which included 100% oxygen and/or 20 ppm inhaled nitric oxide, per interventional cardiologist discretion. Positive AVT testing was based on the Barst pediatric criteria of a decrease in mean PAP by at least 20% and an unchanged or increased cardiac index (19). Not all patients had arterial access during catheterization for accurate systemic vascular resistance to be calculated, so the Barst criteria of unchanged or decreased pulmonary to systemic vascular resistance ratio was unable to be utilized for AVT responsiveness in our cohort.

The primary aim of this study was to describe hemodynamics of an institutional cohort of patients with BPD-PH to determine incidence of LAH in this population. In this small pilot study, we explore the risk factors for LAH and examine the association of LAH with the composite outcome of tracheostomy and/or death. This study was approved by the Stanford University Institutional Review Board (IRB# 60898).


Statistical analysis

Variables were compared across LAH status using descriptive statistics. Results were presented in counts and percentages for categorical variables and median [interquartile range (IQR)] for continuous variables. Absolute standardized differences (d) were also reported, which measured the effect size for the comparison of the two groups. Standardized differences measure the absolute difference between two groups relative to their internal variation and are calculated for continuous and binary variables. For variables with more than two categories, standardized differences are calculated using Mahalanobis distance (20). Differences >0.2 may be considered small, 0.5 medium, and 0.8 large. A Cox regression model was used to determine if LAH is associated with the risk for the composite outcome of tracheostomy and/or death. Hazard ratio estimates and 95% confidence intervals were calculated. Univariate logistic regression models were conducted on an a priori set of clinically relevant variables to identify risk factors for LAH. Odds ratios and 95% confidence intervals were reported. Multivariable models were not considered because of the small number of patients with LAH. All analyses were performed using SAS 9.4 (Cary, NC).




Results

Between April 2010 and December 2021, 34 infants with BPD-PH underwent hemodynamic cardiac catheterization. Patient demographics and clinical characteristics are outlined in Table 1. There was a male predominance (65%) in this primarily non-Hispanic (74%) cohort. The median gestational age was 26.1 weeks PMA (IQR 24.9, 27.9 weeks PMA). Patients had median birth weight of 715 g (IQR 600, 895 g), with 35% (n = 12) meeting criteria for small for gestational age. A majority (n = 30, 88%) of the cohort had severe BPD. Congenital heart disease or pulmonary vein stenosis was present in 88% (n = 30) of the cohort, primarily with a PDA, ASD, or patent foramen ovale. Left ventricular systolic function was normal in all patients, and right ventricular systolic function was normal in 82% (n = 28) of patients, with the remainder having mild or moderate right ventricular systolic dysfunction. Patients were followed through April 1, 2022. Tracheostomy was performed in 32% (n = 11) of patients, and 18% (n = 6) of patients died (Table 1).


TABLE 1 Patient demographics and clinical characteristics (N = 34).
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Clinical characteristics at time of catheterization and invasive hemodynamics are outlined in Table 2. Patients underwent catheterization at a median 3.4 months of age (IQR 3.1, 4.4 months), corresponding to a median 51.6 weeks PMA (IQR 42.3, 59.6 weeks PMA). Half of the cohort was supported at baseline with either invasive or non-invasive positive pressure ventilation (PPV) in the period preceding catheterization, which included infants requiring chronic intubation with mechanical ventilation, neonatal nasal intermittent positive pressure ventilation, and continuous or bilevel positive airway pressure. A majority (85%; n = 29) of infants were receiving scheduled diuretic therapy in the period preceding catheterization. Fifty-six percent of patients (n = 19) were on pulmonary vasodilator therapy at time of catheterization, most commonly with sildenafil in 47% (n = 16) of the total cohort. Baseline hemodynamics in our cohort demonstrated generally mild to moderate pulmonary vascular disease with a median mean PAP of 30 mmHg (IQR 27, 38 mmHg) and median indexed pulmonary vascular resistance (PVRi) 4.2 WU*m2 (IQR 3.2, 7.3 WU*m2). Median PCWP/LAP was 8 mmHg (IQR 8, 10 mmHg). Fifty percent (n = 17) of patients underwent intervention during catheterization: 14 patients underwent PDA device closure (2 of which were unsuccessful due to technical factors) and 3 underwent pulmonary vein balloon angioplasty. Hemodynamics utilized in analyses were obtained prior to intervention.


TABLE 2 Clinical characteristics at time of catheterization and invasive hemodynamics (N = 34).
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LAH was present in 32% (n = 11) of the cohort. Aside from PCWP/LAP, hemodynamics did not differ significantly between those with and without LAH. Patients with LAH were more likely to be small for gestational age (SGA), with 55% meeting SGA criteria and median birth weight at the 8th percentile (IQR 1, 56 percentile) compared to the non-LAH cohort, which had 26% SGA with median birth weight at the 39th percentile (IQR 9, 57 percentile, d = 0.61). Patients with LAH were more frequently supported at baseline with PPV in the period preceding catheterization (82%; n = 9) compared to the non-LAH cohort (35%; n = 8, d = 1.09). Patients with LAH were more likely to receive scheduled diuretic therapy prior to catheterization (100%; n = 11) compared to the non-LAH cohort (62%; n = 18, d = 0.75). Patients with LAH were also more likely to be on pulmonary vasodilator therapy, in particular sildenafil, prior to catheterization, with 64% (n = 7) of patients with LAH receiving sildenafil compared to 39% (n = 9) in the non-LAH cohort (d = 0.87). Both tracheostomy and death were more commonly encountered in the LAH cohort (d = 0.72 and 0.70, respectively).

Univariate logistic regression was performed on a priori selected clinically relevant variables to evaluate for risk of development of LAH, shown in Figure 1. Requirement of baseline invasive or non-invasive PPV preceding catheterization was associated with increased risk for LAH with an odds ratio (OR) of 8.44 (95% CI 1.46, 48.85). SGA status, pre-catheterization use of sildenafil, and presence of underlying congenital heart disease (including specifically the presence of a PDA) were not significantly associated with increased risk for LAH. The presence of LAH was associated with increased risk for the composite outcome of tracheostomy and/or death, with a hazard ratio (HR) of 6.32 (95% CI 1.72, 22.96, p = 0.005).
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FIGURE 1
 Forest plot of risk factors for left atrial hypertension: Risk for left atrial hypertension for select clinical factors is demonstrated in this Forest plot, along with associated odds ratio and p-value. Positive pressure ventilation (PPV) was the only variable that demonstrated significant risk for left atrial hypertension. SGA, small for gestational age; PPV, positive pressure ventilation; CHD, congenital heart disease; PDA, patent ductus arteriosus.


Acute vasodilator testing (AVT) was performed in 47% of patients (n = 16), including 55% (n = 6) of those with LAH and 43% (n = 10) of those without LAH. Hemodynamic response to AVT was variable, as depicted in Figure 2. Fewer patients with LAH responded positively to AVT (17%) compared to the non-LAH cohort (50%) (d = 0.76). While not all met criteria for positive AVT, some patients with LAH showed improvement in both mPAP and LAP with AVT. Conversely, a subset of those without LAH at baseline developed LAH with AVT (Figure 2).
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FIGURE 2
 Hemodynamic changes with acute vasodilator testing. Changes in mean pulmonary artery pressure, left atrial pressure, and pulmonary vascular resistance are demonstrated at baseline and with maximal vasodilation (100% FiO2 ± inhaled nitric oxide) utilized in acute vasodilator testing, which was performed in 16 patients.




Discussion

This retrospective cohort study is the first to describe the incidence of LAH in patients with BPD-PH. We found LAH in nearly one-third of infants whose hemodynamics have been evaluated by cardiac catheterization. The need for baseline PPV preceding catheterization was associated with increased risk for LAH. LAH was associated with increased risk of tracheostomy and/or death.

The pulmonary vascular changes associated with BPD that lead to PH are well-described (7–9). However, LAH as a potential contributor to the cardiopulmonary status of a premature infant is poorly understood. Premature birth alters myocardial structure, with cardiomyocyte hypertrophy and increased collagen deposition (21). This may predispose to altered diastolic function, with potential for resultant LAH. Cardiac shunt lesions, particularly a persistent PDA, are common in premature infants (22). With a hemodynamically significant PDA, left heart volume overload can also cause clinically relevant LAH, particularly in preterm infants who may be predisposed to diastolic dysfunction. Impaired diastolic function has been demonstrated by echocardiographic studies, with hemodynamically significant PDA being a potential contributor to these indices (12, 13, 23). However, these remain indirect markers of diastolic dysfunction, and there is some evidence that brings into question the reliability of these markers in patients with pulmonary hypertension (24).

Therefore, we examined directly measured PCWP/LAP in the catheterization lab. One limiting factor is the lack of definition for hemodynamic norms, particularly normal left atrial pressure, in premature infants. The formal cut-off for post-capillary pressure elevation is a PCWP of ≥ 15 mmHg according to the World Symposium on Pulmonary Hypertension classification schema (25). However, normal LV diastolic pressures in healthy children have been demonstrated to be significantly lower than this at a mean of 7.5 mmHg (standard deviation 2.2 mmHg) (26). Premature infants with BPD may develop clinically relevant symptoms at a lower LA pressure than 15 mmHg, with an initial case series highlighting clinically significant pulmonary edema related to diastolic dysfunction in premature infants with PCW pressures of 12 and 17 mmHg (11). For these reasons, our group used a cut-off of 10 mmHg to define LAH to be inclusive of patients with mild, but potentially clinically important, elevations of LA pressure.

The increased use of diuretics and positive pressure ventilation in patients with LAH suggests that even mild LAH may correlate with increased clinical symptoms, although causality cannot be attributed. Further, a majority of this cohort had underlying CHD with left to right shunt, which likely contributed to the benefit of diuretic therapy. Additionally, LAH was associated with increased risk for the composite outcome of death and/or tracheostomy. It is unclear whether worse lung function predisposes to LAH or if LAH worsens parenchymal lung disease by causing pulmonary edema that increases need for diuretics and ventilator support. Larger studies will be required to investigate this further.

Congenital heart disease was not associated with LAH in our cohort. We anticipated that the presence of a hemodynamically significant PDA would be a significant contributor to LAH. Contrary to our initial hypothesis, CHD, including PDA, was not associated with significantly increased risk for LAH by univariate analysis. This is particularly notable given that many of the PDAs present in our cohort were likely hemodynamically significant, with 41% undergoing attempted PDA device closure at time of catheterization. Additionally, pulmonary vasodilator use was not associated with worse LAH. These medications were frequently in use before catheterization, particularly as expert consensus suggests the initiation of pulmonary vasodilator monotherapy without catheterization is reasonable in uncomplicated BPD-PH when balancing risks associated with catheterization (27, 28). While the increased pulmonary blood flow that may result from pulmonary vasodilator therapy may pose theoretic risk for LAH in the less compliant myocardium of the premature infant, the use of sildenafil was not associated with increased risk for LAH in our cohort. Similarly, few patients showed significant worsening of LAH with AVT, although testing did unmask LAH in a few subjects.

Limitations of this study include its retrospective nature and small sample size in a single center. The small size and heterogeneous nature of the population precluded multivariate analysis. Selection bias may be present as we included only patients who underwent cardiac catheterization. At our center, infants with BPD-PH are often treated with diuretic therapy and pulmonary vasodilator monotherapy before consideration of cardiac catheterization, making our study potentially skew toward a sicker cohort in whom catheterization was required to guide clinical management. However, the relatively mild elevation of pulmonary artery pressure and pulmonary vascular resistance might suggest this is not the case. In this cohort of infants with BPD-PH, cardiac catheterization was performed under general anesthesia with patients intubated and mechanically ventilated with optimized respiratory mechanics. As such, the hemodynamics may reflect the “best case scenario” rather than the clinical baseline. Conversely, mechanical positive pressure ventilation in the catheterization lab may negatively impact bi-ventricular compliance and result in increased left atrial pressure compared to clinical baseline in those who who are not supported with chronic PPV (29). Interpretation of the hemodynamics (and response to AVT) may also be confounded by the fact that most patients were treated with pulmonary vasodilator therapy and diuretics at time of catheterization.

This small pilot study is the first to examine the incidence and clinical impact of LAH in patients with BPD-PH. Clinically, this study raises the question of whether some patients should undergo earlier hemodynamic evaluation with cardiac catheterization to assess for LAH. Based on this pilot data, one may consider low threshold for diuretic therapy in premature infants with PH. Earlier catheterization should be considered in patients with echocardiographic evidence of PH who have increasing diuretic requirements or inability to wean respiratory support, especially following initiation of pulmonary vasodilator therapy. Additional larger, multi-institutional studies are needed to further define the definition of LAH in this population and further investigate its clinical impact on BPD-PH.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Stanford University Institutional Review Board. Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



Author contributions

RS contributed to project design, data collection/analysis, and was responsible for primary manuscript composition. MDT and DB performed statistical planning and analysis. RH contributed as senior author with primary role in project design, data analysis, and manuscript preparation. SB, GA, MT, and AM contributed specialty-specific input in project development and manuscript review in the fields of neonatology, interventional pediatric cardiology, pediatric pulmonology, and neonatology, respectively. All authors demonstrated significant academic contribution to justify authorship and were involved in manuscript review and final manuscript approval.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka M, et al. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur Respir J. (2019) 53:1801913. doi: 10.1183/13993003.01913-2018

 2. Arjaans S, Zwart EAH, Ploegstra M, Bos AF, Kooi EMW, Hillege HL, et al. Identification of gaps in the current knowledge on pulmonary hypertension in extremely preterm infants: a systematic review and meta-analysis. Paediatr Perinat Epidemiol. (2018) 32:258–67. doi: 10.1111/ppe.12444

 3. Kim D-H, Kim H-S, Choi CW, Kim E-K, Kim BI, Choi J-H. Risk factors for pulmonary artery hypertension in preterm infants with moderate or severe bronchopulmonary dysplasia. Neonatology. (2012) 101:40–6. doi: 10.1159/000327891

 4. Bhat R, Salas AA, Foster C, Carlo WA, Ambalavanan N. Prospective analysis of pulmonary hypertension in extremely low birth weight infants. Pediatrics. (2012) 129:e682–9. doi: 10.1542/peds.2011-1827

 5. Mourani PM, Abman SH. Pulmonary hypertension and vascular abnormalities in bronchopulmonary dysplasia. Clin Perinatol. (2015) 42:839–55. doi: 10.1016/j.clp.2015.08.010

 6. Fitzgerald D, Evans N, Van Asperen P, Henderson-Smart D. Subclinical persisting pulmonary hypertension in chronic neonatal lung disease. Arch Dis Child Fetal Neonatal Ed. (1994) 70:F118–22. doi: 10.1136/fn.70.2.F118

 7. Husain AN, Siddiqui NH, Stocker JT. Pathology of arrested acinar development in postsurfactant bronchopulmonary dysplasia. Hum Pathol. (1998) 29:710–7. doi: 10.1016/S0046-8177(98)90280-5

 8. Bhatt AJ, Pryhuber GS, Huyck H, Watkins RH, Metlay LA, Maniscalco WM. Disrupted pulmonary vasculature and decreased vascular endothelial growth Factor, Flt-1, and TIE-2 in human infants dying with bronchopulmonary dysplasia. Am J Respir Crit Care Med. (2001) 164:1971–80. doi: 10.1164/ajrccm.164.10.2101140

 9. Thebaud B, Ladha F, Michelakis ED, Sawicka M, Thurston G, Eaton F, et al. Vascular endothelial growth factor gene therapy increases survival, promotes lung angiogenesis, and prevents alveolar damage in hyperoxia-induced lung injury: evidence that angiogenesis participates in alveolarization. Circulation. (2005) 112:2477–86. doi: 10.1161/CIRCULATIONAHA.105.541524

 10. Sehgal A, Steenhorst JJ, Mclennan DI, Merkus D, Ivy D, McNamara PJ. The left heart, systemic circulation, and bronchopulmonary dysplasia: relevance to pathophysiology and therapeutics. J Pediatr. (2020) 225:13–22.e2. doi: 10.1016/j.jpeds.2020.06.031

 11. Mourani PM, Ivy DD, Rosenberg AA, Fagan TE, Abman SH. Left ventricular diastolic dysfunction in bronchopulmonary dysplasia. J Pediatr. (2008) 152:291–3. doi: 10.1016/j.jpeds.2007.11.006

 12. de Waal K, Costley N, Phad N, Crendal E. Left ventricular diastolic dysfunction and diastolic heart failure in preterm infants. Pediatr Cardiol. (2019) 40:1709–15. doi: 10.1007/s00246-019-02208-x

 13. Sehgal A, Malikiwi A, Paul E, Tan K, Menahem S. A. New look at bronchopulmonary dysplasia: postcapillary pathophysiology and cardiac dysfunction. Pulm Circ. (2016) 6:508–15. doi: 10.1086/688641

 14. Frank BS, Schäfer M, Grenolds A, Ivy DD, Abman SH, Darst JR. Acute vasoreactivity testing during cardiac catheterization of neonates with bronchopulmonary dysplasia-associated pulmonary hypertension. J Pediatr. (2019) 208:127–33. doi: 10.1016/j.jpeds.2018.12.004

 15. Singh A, Feingold B, Rivera-Lebron B, Weiner D, Drant S. Correlating objective echocardiographic parameters in patients with pulmonary hypertension due to bronchopulmonary dysplasia. J Perinatol. (2019) 39:1282–90. doi: 10.1038/s41372-019-0429-3

 16. Steurer MA, Nawaytou H, Guslits E, Colglazier E, Teitel D, Fineman JR, et al. Mortality in infants with bronchopulmonary dysplasia: data from cardiac catheterization. Pediatr Pulmonol. (2019) 54:804–13. doi: 10.1002/ppul.24297

 17. Khemani E, McElhinney DB, Rhein L, Andrade O, Lacro RV, Thomas KC, et al. Pulmonary artery hypertension in formerly premature infants with bronchopulmonary dysplasia: clinical features and outcomes in the surfactant era. Pediatrics. (2007) 120:1260–9. doi: 10.1542/peds.2007-0971

 18. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med. (2001) 163:1723–9. doi: 10.1164/ajrccm.163.7.2011060

 19. Barst RJ, McGoon MD, Elliott CG, Foreman AJ, Miller DP, Ivy DD. Survival in childhood pulmonary arterial hypertension: insights from the registry to evaluate early and long-term pulmonary arterial hypertension disease management. Circulation. (2012) 125:113–22. doi: 10.1161/CIRCULATIONAHA.111.026591

 20. Yang D, Dalton JE. A unified approach to measuring the effect size between two groups using SAS®. SAS Glob Forum Stat Data Anal. (2012) 235:1–6. 

 21. Bensley JG, Stacy VK, De Matteo R, Harding R, Black MJ. Cardiac remodelling as a result of pre-term birth: implications for future cardiovascular disease. Eur Heart J. (2010) 31:2058–66. doi: 10.1093/eurheartj/ehq104

 22. Parkerson S, Philip R, Talati A, Sathanandam S. Management of patent ductus arteriosus in premature infants in 2020. Front Pediatr. (2021) 8:1–11. doi: 10.3389/fped.2020.590578

 23. Schmitz L, Xanthopoulos A, Koch H, Lange PE. Doppler flow parameters of left ventricular filling in infants: how long does it take for the maturation of the diastolic function in a normal left ventricle to occur? Pediatr Cardiol. (2004) 25:482–91. doi: 10.1007/s00246-003-0605-1

 24. Allison JD, Zehner C, Jia X, Hamzeh IR, Alam M, Nair A, et al. Assessing the validity of echocardiographic criteria for left ventricular diastolic dysfunction in patients with pulmonary hypertension. Cardiology. (2020) 145:703–9. doi: 10.1159/000510348

 25. Rosenzweig EB, Abman SH, Adatia I, Beghetti M, Bonnet D, Haworth S, et al. Paediatric pulmonary arterial hypertension: updates on definition, classification, diagnostics and management. Eur Respir J. (2019) 53:1801916. doi: 10.1183/13993003.01916-2018

 26. Krovetzt L, Mcloughlimn T, Mitchell M, Schiebler G. Hernodynamic findings in normal children. Pediatr Res. (1967) 1:122–30. doi: 10.1203/00006450-196703000-00006

 27. Krishnan U, Feinstein JA, Adatia I, Austin ED, Mullen MP, Hopper RK, et al. Evaluation and management of pulmonary hypertension in children with bronchopulmonary dysplasia. J Pediatr. (2017) 9:24–34. doi: 10.1016/j.jpeds.2017.05.029

 28. Malloy KW, Austin ED. Pulmonary hypertension in the child with bronchopulmonary dysplasia. Pediatr Pulmonol. (2021) 56:3546–56. doi: 10.1002/ppul.25602

 29. Luecke T, Pelosi P. Clinical review: positive end-expiratory pressure and cardiac output. Crit Care. (2005) 9:607–21. doi: 10.1186/cc3877



OPS/images/fped-10-1012136-t001.jpg
Total With left atrial ‘Without left atrial Absolute

N=34 hypertension hypertension standardized
(%) (210 mmHg) (<10 mmHg) difference
n=11 n=23 )
n (%) n (%)
Sex 031
Male 22(65) 6(55) 16 (70)
Female 12(35) 5(45) 7(30)
Race 079
Asian 10 (29) 2(18) 8(35)
Pacific Islander 2(6) 00 209
Black 10) 00 1)
White 1029) 5(45) 502
Other 11(32) 4(36) 7(30)
Ethnicity 033
Hispanic 9(26) 4(36) 5(22)
Non-Hispanic 25(74) 7(64) 18 (78)
Gestational age (weeks), median (IQR) 26.1(249,27.9) 25.6(24.9,28.0) 26.6(24.9,27.7) 003
Birthweight (g), median (IQR) 715 (600, 895) 700 (420, 960) 740 (630, 895) 029
Birthweight (percentile), median (IQR) 27(7,56) $(1,56) 39(9,57) 041
SGA 12(35) 6(55) 6(26) 061
Multiple congenital anomalies 7@ 307) 407) 0.61
BPD severity 048
Mild 2(6) 109 1)
Moderate 2(6) 0(0) 209
Severe 30 (88) 10(91) 20(87)
Any type of CHD 30(88) 9(82) 21001 028
PDA 21(62) 7(64) 14(61) 0.06
ASD/PFO 21(62) 7(64) 14(61) 0.06
VsD 4(12) 109) 3(13) 013
PVS 4(12) 2318) 209 028
Other 309 00 3(13) 055
Echo LV systolic function -
Normal 34/(100) 11 (100) 23 (100)
Mildly depressed - - -
Moderately depressed - - -
Echo RV systolic function 055
Normal 28(82) 10(91) 18(78)
Mildly depressed 309 109 209
Moderately depressed 309 00 3(13)
History of steroid use (N = 33) 18 (55) 7(64) 11 (50) 028
Tracheostomy 11(32) 6(55) 5(22) 072
Death 6(18) 4(36) 209 070

IQR, interquartile rang
patent foramen ovale;

3A, small for gestational age; BPD, bronchopulmonary dysplasia; CHD, congenital heart discase; PDA, patent ductus arteriosus; ASD, atrial septal defect; PFO,
D, ventricular septal de V, left ventricular; RV, right ventricular.
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Total With left atrial ~ Without left atrial Absolute

N=34 hypertension hypertension standardized
n (%) (=10 mmHg) (<10 mmHg) difference

n=11 n=23 (d)

n (%) n (%)
Ageat catheterization (months), median (IQR) 34(3.1,4.4) 34(32,45) 34(29,4.4) 014
Corrected gestational age at catheterization (weeks PMA), median (IQR) 6(423,59.6) 4(427,58.3) 48.0 (42.1,60.1) 016
PPV preceding catheterization 17 (50) 9(82) 8(35) 109
Scheduled diuretic preceding catheterization 29 (85) 11 (100) 18 (62) 0.75
Pulmonary hypertension medications preceding catheterization 19 (56) 8(73) 11(47) 053
Inhaled Nitric Oxide 309 1(9) 2(9) 051
Sildenafil 16 (47) 7(64) 9(39) 0.87
Bosentan 309 327 0(0) 0.67
Treprostinil 2(6) 2(18) 0(0) 0
Tadalafil 13) 1) 0(0) 045
Baseline catheterization data
Respiratory support-RA 3100 10(91) 21(91) 001
Respiratory support-Oxygen >50% 2(6) 1(9) 1(4) 019
Respiratory support-iNO 2(6) 1(9) 1) 019
Systolic PAP (mmHg), median (IQR) 45(38,53) 42(35,57) 45 (40, 52) 0.01
Diastolic PAP (mmHg), median (IQR) 22(17,26) 23(18,29) 22(15,26) 045
Mean PAP (mmHg), median (IQR) 30(27,38) 32(27,44) 30 (24,38) 027
LAP/PCWP (mmHg), median (IQR) 8(8,10) 11(10,12) 8(7,8) 343
Qp:Qs, median (IQR) 14(1.0,19) 13(1.0,2.0) 14(10,19) 027
CI (L/min/m?), median (IQR) 34(3.,4.4) 34(32,45) 34(29,4.4) 005
PVRi (WU*m?), median (IQR) 42(32,7.3) 35(29,82) 43(35,7.3) 008
Acute vasodilator testing performed 16 (47) 6(55) 10 (43) 022
Vaso-reactive (N = 16) 6(38) 1(17) 5(50) 0.76
Intervention at catheterization 17(50) 7(64) 10 (43) 0.48
PDA device closure 14 (82) 5(71) 9(90)
Pulmonary vein balloon angioplasty 3(18) 2(29) 1(10)

IQR, interquartile range; PMA, postmenstrual age; PPV, positive pressure ventilation; RA, room a
PCWP, pulmonary capillary wedge pre Qp:Qs, pulmonary to-

NO, inhald it oxides A, pulmonarysteisl pressrs LAR I til presurs

ic flow ratio; CI, cardiac
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