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Abstract
BACKGROUND
Pulmonary hypertension (PH) is a severe complication of bronchopulmonary dysplasia (BPD) in premature neonates and is closely related to prognosis. However, there is no effective and safe treatment for PH due to BPD in infants. Successful treatment for cases of BPD-associated PH with Tadalafil combined with bosentan is rare. This case may make a significant contribution to the literature because PH is difficult to manage as a serious complication of BPD in preterm infants. Mortality is high, especially when it is complicated by heart failure.

CASE SUMMARY
An extremely premature neonate with a gestational age of 26+5 wk and birth weight of 0.83 kg was diagnosed with BPD associated with PH; oral sildenafil did not improve the PH. The infant experienced sudden cardiac arrest and serious heart failure with severe PH. After a series of treatments, including cardiopulmonary resuscitation, mechanical ventilation, and inhaled nitric oxide (iNO), the respiratory and circulatory status improved but the pulmonary artery pressure remained high. Then oral sildenafil was replaced with oral tadalafil and bosentan; pulmonary artery pressure improved, and the infant recovered at our hospital. After 2 years of follow-up, she is in good condition, without any cardiovascular complications. 

CONCLUSION
INO can effectively improve the respiratory and circulatory status of infants with PH associated with premature BPD. B-type natriuretic peptide should be routinely measured during hospitalization to evaluate the risk and prognosis of BPD-associated PH in preterm infants. Tadalafil combined with bosentan for the treatment of PH associated with premature BPD was better than sildenafil in this case. Further studies are needed to explore the efficacy and safety of different vasodilators in the treatment of PH associated with premature BPD.
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Core Tip: Pulmonary hypertension (PH) is difficult to manage as a serious complication of bronchopulmonary dysplasia (BPD) in preterm infants. Mortality is high, especially when it is complicated by heart failure. Valuable and noninvasive biomarkers, such as B-type natriuretic peptide, should be routinely measured during hospitalization to evaluate the risk and prognosis of BPD-associated PH in preterm infants. Inhaled nitric oxide can effectively improve the respiratory and circulatory status of infants with PH associated with premature BPD. Tadalafil combined with bosentan for the treatment of PH associated with premature BPD was better than sildenafil in this case.

INTRODUCTION
Bronchopulmonary dysplasia (BPD) is one of the most common complications in premature infants[1] and is associated with poor outcomes involving multiple systems including pulmonary dysfunction, neurodevelopmental impairments, and cardiac dysfunction[2,3]. Approximately one-quarter of infants with moderate-to-severe BPD develop pulmonary hypertension (PH) associated with cardiac dysfunction[4]. The incidence of PH increases with the decrease of gestational age[3]. In recent years, the prevalence of PH related to BPD has increased, along with the increased survival rate of extremely preterm infants. PH due to BPD is gradually becoming an important component of PH in children[5]. PH can worsen the prognosis of premature infants with BPD considerably. Infants with BPD and PH have much higher morbidity and mortality rates than those with BPD only[3,5,6]. PH increases the mortality of infants with BPD by up to 50%[7].
Inhaled nitric oxide (iNO) is the first-line drug for the treatment of PH[8]; however, it is not conducive for long-term medication because of its high cost and the need for endotracheal intubation. Sildenafil is the most commonly used drug for BPD complicated by PH[9]. Recently, it has been reported that refractory PH can also be treated with bosentan[10]. If the curative effect is poor, the choice of the drug is difficult. The European guidelines for PH in children suggest that tadalafil can be added to the treatment[11]. However, there are few reports on the use of this drug in children with a low gestational age[12]. 
This study reported a case of an extremely low birth weight (ELBW) infant with severe BPD-associated PH that achieved better efficacy after treatment.

CASE PRESENTATION
Chief complaints
The baby was born prematurely.

History of present illness
The age of the baby was 4 h with a gestational age of 26+5 wk. The baby was delivered because of a threatened miscarriage. The birth weight of the baby was 830 g, and Apgar scores were 6 and 8 at 1 and 5 min, respectively. The mother was referred to a local hospital for premature rupture of the membranes by approximately 9 h at 26+5 wk of gestation and twin pregnancy. The amniotic fluid was clear, with an unknown volume. The baby was intubated with a surfactant, supported with mechanical ventilation, and then transported to the neonatal intensive care unit. 

History of past illness
There was no significant abnormality in the patient’s previous history.

Personal and family history
The father and mother of the patient were in good health. Pre-gestational workup, including ultrasound screening of the mother, did not indicate any abnormalities.

Physical examination
An immature appearance; poor responsiveness; and petechiae and ecchymosis scattered over the body. Cardiopulmonary examination showed no abnormal features except for positive three concave signs. The abdomen was soft, and the liver and spleen were not touched under the ribs. The newborn exhibited a decreased muscle tone, and the primitive reflex was not observed.

Laboratory examinations
There was no significant abnormality in the laboratory examinations on admission.

Imaging examinations
Chest radiography on admission demonstrated neonatal respiratory distress syndrome.

FINAL DIAGNOSIS
Severe BPD-associated PH; ELBW infant.

TREATMENT
The baby had a pulmonary hemorrhage shortly after admission, and the difference in oxygen saturation (SpO2) between the right hand and foot was over 10% at 3 d after birth. Echocardiography indicated persistent PH of the newborn (PPHN) (a width of 2 mm right-to-left shunt at the macrovascular level and a width of 2 mm right-to-left shunt at the obovular foramen) with an oxygen index (oxygen index = fraction of inspired oxygen  mean airway pressure  100/partial pressure of oxygen) of 34. We also measured a B-type natriuretic peptide (BNP) value of 1306 pg/mL (Centaur XPT automatic chemiluminescence analyzer; Siemens, Munich, Germany). Thus, the baby was mechanically ventilated with 10 ppm iNO. At 12 d after birth, she was weaned off iNO, and her BNP level dropped to 60 pg/mL. Echocardiography was performed 3 wk after birth and showed a patent ductus arteriosus with a diameter of 1 mm (left-to-right shunt). Systemic dexamethasone was administered on the 14th d after birth, and the infant’s condition improved after treatment. At 65 d after birth (36 wk of corrected gestational age), her weight increased to 2500 g, but the baby still required high-flow nasal cannula oxygen therapy with an inhaled oxygen concentration of 30% at a flow rate of 5 L/min. She was diagnosed with BPD based on chest radiography and computed tomography examination (Figure 1A and B). Echocardiography revealed acleistocardia, atrial septal defect (bidirectional shunt), patent ductus arteriosus (right-to-left shunt), and PH (tricuspid regurgitation velocity Vmax = 3.0 m/s, enlarged right atrium (RA = 19 mm) and right ventriculus (RV = 12 mm), thickened RV anterior wall (4 mm), pulmonary artery slightly widened [main pulmonary artery (MPA) = 12 mm, the estimated pulmonary artery pressure was 47 mmHg] (Figure 1C). Considering the severe BPD combined with PH, she was treated with oral sildenafil (1 mg/kg three times a day) combined with oral diuretic (hydrochlorothiazide and spironolactone) therapy and maintained SpO2 at 92%-95%.
On day 151, she suddenly developed fever with irritability, and her breathing and heart rate increased significantly. An enlarged liver was palpated 4 cm below the right rib cage. Chest radiography showed the new appearance of an infiltrative shadow in the bilateral lungs, and the echocardiogram revealed an ejection fraction of 53%, atrial septal defect (bidirectional shunt), and severe PH (tricuspid regurgitation velocity Vmax = 4.3 m/s, enlarged RA (25 mm) and RV (17 mm), thickened RV anterior wall (6 mm), smaller left atrium (LA = 13 mm) and left ventriculus (LV = 16 mm), pulmonary artery slightly widened (MPA = 13 mm), the estimated pulmonary artery pressure was 88 mmHg) (Figure 2). Sputum culture revealed Klebsiella pneumoniae (ESBL-negative, sensitive to cefoperazone sulbactam). We measured a BNP value of 1186.65 pg/mL. The baby developed a pulmonary hypertensive crisis, and her SpO2 decreased to 60%, followed by cardiopulmonary arrest. Cardiopulmonary resuscitation was performed successfully immediately, and we treated her with mechanical ventilation, iNO at 20 ppm, antibiotics (cefoperazone/sulbactam), depressants (phenobarbital and midazolam), diuretics (hydrochlorothiazide, spironolactone, and furosemide), and upregulated the dose of oral sildenafil to 8 mg/kg/d. Her respiratory condition improved, and the SpO2 level increased after these treatments, with the BNP level decreasing to 116.04 pg/mL at 173 d of age. However, the echocardiogram revealed that her PH did not improve significantly [tricuspid regurgitation velocity Vmax = 3.8 m/s, enlarged RA (24 mm) and RV (15 mm), thickened RV anterior wall (6 mm), smaller LA and LV, the estimated pulmonary artery pressure was 73 mmHg], and we could not discontinue iNO and wean her from the mechanical ventilation. Therefore, oral sildenafil was gradually reduced, and oral bosentan (2 mg/kg twice a day) and tadalafil (1 mg/kg once daily) were added to her treatment regimen. Her condition became increasingly stable, with her BNP level decreasing to 59.53 pg/mL at 179 d of age. At 182 d of age, her PH improved [atrial septal defect (left-to-right shunt), tricuspid regurgitation velocity Vmax = 2.0 m/s, enlarged RA (25 mm) and RV (15 mm), thickened RV anterior wall (6 mm), the volume of LA and LV were normal, the estimated pulmonary artery pressure was 30 mmHg], and we were able to discontinue the iNO and wean her from mechanical ventilation. At 239 d of age, her BNP value was 47.39 pg/mL. The patient was weaned from oxygen and discharged with bosentan and tadalafil at 246 d of age. The clinical course of the patient is shown in Figure 3. Other laboratory examinations, including serum bilirubin, liver enzymes, alkaline phosphatase, serum creatinine, serum electrolytes, and complete blood count, did not show any abnormalities during treatment.

OUTCOME AND FOLLOW-UP
The baby recovered well when discharged home, and all intracranial color Doppler examinations performed during hospitalization did not show any abnormalities. An auditory brainstem examination revealed normal results, and no obvious abnormality was found in retinal screening. After returning home, the baby was followed-up regularly and monitored with echocardiography and BNP levels every 3 mo. No side effects of drugs were found, and the laboratory examination of liver and renal function was normal during the follow-up. The echocardiography parameters did not indicate PH when she was 1.5-years-old, and bosentan and tadalafil were discontinued. Her pulmonary artery pressure and BNP levels were normal at the age of 2 years. The parents were satisfied with our treatment.

DISCUSSION
In this case, we report an ELBW infant that experienced early PH, followed by late PH with severe BPD during hospitalization. Our patient experienced serious heart failure with severe PH induced by pulmonary infection. We detected serial changes in serum BNP levels, which showed a good correlation with changes in pulmonary arterial pressure detected by echocardiography. In addition, iNO effectively improved the pulmonary condition of the infant. Several vasodilators were used in this case, of which bosentan plus tadalafil seemed to perform better than sildenafil in decreasing pulmonary arterial pressure. This case may make a significant contribution to the practice or Clinical Practice Guidelines because PH is difficult to manage as a serious complication of BPD in preterm infants.
BPD is one of the major complications of prematurity. In one-third of ELBW infants, BPD is the most common form of chronic lung disease, and PH is seen in one-fifth of ELBW infants, mainly in infants with moderate-to-severe BPD[13]. The feature of PH associated with BPD includes the following process: Alveolar diffusion impairment, abnormal vascular remodeling, and pulmonary vessels growth arrest. These processes increase the pulmonary vascular resistance and the risk of right-sided heart failure[14]. Compared with other causes of PH in children, BPD-related PH may improve with age and the development of lungs and vessels[15]. In normal fetal circulation, pulmonary artery pressure is the same as systemic pressure but falls rapidly after birth, and at 2–3 mo of age, it reaches levels similar to those in adults. However, there is no conclusion when the pulmonary artery pressure of preterm infants reaches the adult level at different gestational weeks. 
BPD-associated PH can be divided into early, late, and chronic PH[16]. Early PH occurs within the initial postnatal week. This is mainly due to pathological factors that lead to a delayed transition from fetal circulation to neonatal circulation. The clinical manifestations include hypoxemia and a continuous right-to-left shunt of blood. Studies have shown that the incidence of PH is inversely related to gestational age[17], and the incidence of early onset PH can be as high as 26% among extremely preterm infants[13]. Other studies indicated a significant correlation between PH and BPD-related PH 4-7 d after birth[7,18]. 
The gold standard for PH diagnosis is cardiac catheterization[5]. However, it is rarely used in preterm infants because it is invasive and difficult to perform in preterm infants. Transthoracic echocardiography is the most commonly used modality for the clinical diagnosis of PH in preterm infants since it is noninvasive and easy to perform at the bedside. In this case, the diagnosis of PH was mainly based on echocardiography. Point-of-care ultrasound screening is recommended as a helpful modality for the assessment of PH in neonates and children[19]. High-risk factors for early PH include oligohydramnios, premature rupture of membranes, and infection[20]. Therefore, the strategy of our neonatal intensive care unit is to conduct routine echocardiography in ELBW infants at 3 and 7 d after birth. Our patient developed hypoxemia 3 d after birth with PPHN, which was probably caused by the high risk of PPHN during pregnancy. When the gestational age was corrected to 36 wk, echocardiography showed PH, which indicated that PH within 1 wk after birth was a risk factor for BPD-related PH.
In this case, changes in the pulmonary artery pressure were monitored using echocardiography. In addition, we measured the level of serum BNP in infants. BNP is an amino acid hormone that is synthesized and released from cardiomyocytes in response to ventricular pressure and volume changes. It is a valuable biomarker for predicting ventricular function and prognosis in patients with suspected heart failure[21]. A prospective observational case-control study including 60 preterm infants reported elevated BNP levels in infants with severe BPD and speculated that BNP level is a marker associated with the severity of BPD[22]. BNP has also been suggested as a useful biomarker for PH in preterm infants with BPD. Kandasamy[23] retrospectively analyzed the BNP levels in 25 extremely preterm infants with BPD. The median BNP levels of infants with PH, based on echocardiographic diagnosis, were higher than those of infants without PH. Their research suggested that BNP is a useful predictor in the screening of PH in preterm infants with BPD. A threshold BNP value of 117 pg/mL, with 93.8% sensitivity and 100% specificity, was identified for predicting PH[23]. Another retrospective cohort study involving 36 ELBW infants with BPD and PH showed that the peak BNP level was much lower in surviving infants than in those who did not, which suggests that BNP can predict the mortality of ELBW infants with BPD-associated PH. A threshold BNP value of 220 pg/mL with 90% sensitivity and 65% specificity was identified for predicting the mortality of ELBW with BPD and PH[24]. König et al[25] conducted a prospective observational cohort study of 83 extremely preterm infants with BPD born at less than 28 wk gestational age and survived to 36 wk corrected gestational age. A combined echocardiogram and serum BNP test revealed that the serum BNP level was significantly higher in infants with tricuspid regurgitation, indicating a potential role of BNP as a valuable biomarker for PH in infants with BPD[25]. A meta-analysis revealed the diagnostic accuracy of BNP for diagnosing and monitoring BPD-associated PH with a sensitivity of 0.94 [95% confidence interval (CI): 0.70-1.00] and specificity of 1.00 (95%CI: 0.66-1.00)[26]. Therefore, BNP has emerged as a predictive and prognostic biomarker of PH in infants. In this case, the serial changes in BNP levels detected in the infant correlated well with the respiratory condition and pulmonary arterial pressure detected by echocardiography.
PH-targeted therapy is currently focused on three main molecular pathways: The nitric oxide, endothelin, and prostacyclin pathways. The lack of related clinical trials and therapies for children with PH is mostly based on adult PH treatments. Moreover, there is no effective and safe treatment for PH due to BPD in infants[5]. Although data from randomized clinical trials did not suggest the routine use of early iNO to prevent BPD, and early iNO is not a Food and Drug Administration-approved treatment, the administration of iNO for preterm infants with early hypoxic respiratory failure caused by PPHN has been proved to be successful in several cases. Based on these reports and expert opinions, the American Heart Association and American Thoracic Society published guidelines for the treatment of pediatric PH in 2015, which recommend the use of iNO for preterm infants with severe hypoxemia mainly owing to PPHN physiology, especially in the case of suspected preterm premature rupture of membranes and oligohydramnios[8]. Although iNO has no significant effect on reducing the incidence of BPD[27,28], studies have shown that iNO may improve oxygenation and hemodynamics in PPHN[29] or BPD-related PH crisis[30]. We have used iNO to treat children with PPHN in the early stage and PH crisis in the late stage and achieved good results. However, the disadvantages of iNO are the requirement for intubation and its high cost[3]. We performed iNO on postnatal day 3 for 10 d at 10 ppm, and from day 164, the respiratory condition of this infant improved with a decrease in BNP levels. The duration of iNO in this case was approximately 2 wk with a peak NO ppm of 40. The dosing of nitric oxide for the treatment of PH crisis varies among different studies. Experts have suggested 10-20 ppm of nitric oxide for the treatment of acute exacerbation of BPD-associated PH, including a PH crisis[31,32]. Lower doses of iNO (< 10 ppm) are helpful for improving gas exchange. There may be no additional benefits for PH when the doses of iNO > 20 ppm. Oxygenation or other outcomes will not be enhanced, and the risk of methemoglobinemia and other complications will be increased when the dose of iNO is over 20 ppm.
Several vasodilator medications were used in this case. Sildenafil, a selective phosphodiesterase type 5 (PDE5) inhibitor, can induce vascular relaxation. It is effective in the treatment of children and adults with idiopathic PH. Sildenafil is considered a first-line medicine for the treatment of children with PH[33]. In infants with BPD, the addition of sildenafil is also believed to be beneficial in managing PH. A considerable dose is up to 2 mg/kg every 6 h[9]. Wardle and Tulloh[34] suggested that the dose of sildenafil for neonates is started at 250-500 μg/kg every 4-6 h with a maximum dose of 30 mg/d[34]. A retrospective study involving 22 infants diagnosed with BPD with a mean gestational age of 25.6 wk and birth weight of 631 g revealed that sildenafil administration was well tolerated and was associated with an improvement in echocardiographic markers of PH[35]. A similar finding was also reported in a retrospective review of 23 premature infants with PH associated with BPD treated with sildenafil (mean gestational age 26 wk and birth weight 710 g), in which sildenafil improved the echocardiographic index[36]. Caputo et al[37] reported on the long-term (12 mo) treatment with sildenafil in an extremely preterm infant with a gestational age of 23 wk and birth weight of 520 g, which completely resolved PH. We added sildenafil at an initial dose of 1 mg/kg per day to our patient 112 d after the echocardiogram revealed PH (the estimated pulmonary artery pressure was 47 mmHg). However, sildenafil did not perform well in the present case. The pulmonary artery pressure detected by echocardiography increased during the period of sildenafil addition (from 47 to 63 mmHg). During the period of severe PH crisis, we upregulated the dose of sildenafil to 8 mg/kg per day; however, it did not improve the pulmonary condition and did not promote iNO downregulation. Therefore, in this case, we replaced sildenafil with tadalafil, another selective PDE5 inhibitor. Compared to sildenafil, tadalafil has a longer half-life and higher oral bioavailability[38]. Tadalafil is reported to be more effective and well tolerated than sildenafil in the treatment of children aged 2 mo to 5 years with PH[39]. Another observational study involving 391 children with PH confirmed the effectiveness and safety of tadalafil[40]. Recently, a phase-3 international randomized controlled trial compared the effect of tadalafil with placebo in pediatric patients with PH who received an endothelin receptor antagonist, including bosentan or ambrisentan[12]. The results showed a positive trend in improvement in cardiopulmonary function indexes, such as 6-min walk distance, NT-Pro-BNP, World Health Organization functional class for Period 1, and echocardiographic parameters in the tadalafil treatment group without significant side effects. Despite this, clinical research on the application of tadalafil in preterm infants with PH related to BPD is rare. Further research is required to investigate the effects of tadalafil in preterm infants. 
Another oral medicine added in this case was bosentan, an endothelin receptor antagonist, which is widely and effectively used in adults with PH. In children and infants, bosentan is mainly used to treat PH associated with congenital heart disease and idiopathic or heritable PH[10,41,42]. In a randomized, double-blind, placebo-controlled, prospective study of PPHN in newborns, bosentan performed effectively and safely in the treatment of PPHN[43]. But little is known about the efficacy of bosentan in PH in infants with BPD. Rugolotto et al[44] reported the case of a 5-mo-old infant who presented with PH secondary to severe BPD. PH aggravated at 8 mo of age, and high-frequency oscillatory ventilation (HFOV) and iNO were used to maintain oxygenation. They found that the addition of epoprostenol and bosentan improved the oxygenation index, promoted the discontinuation of HFOV and iNO, and finally decreased the systolic right ventricular pressure. However, severe PH recrudesced after replacing epoprostenol and bosentan with sildenafil[44]. Although studies of bosentan in neonatal PH are limited, it is also suggested as a chronic therapy in infants with PH-associated BPD[45]. In our patient, iNO combined with tadalafil and bosentan showed a good therapeutic effect in improving the respiratory condition and reducing pulmonary arterial pressure in infants with PH related to BPD.
A combination of different drugs in the treatment of PH may be beneficial with an additive effect[45]. In adults, the combination of drugs from different biological pathways can improve the morbidity and mortality of pulmonary arterial hypertension[46]. In a recent Bayesian network meta-analysis about the efficacy and safety of different drugs in the treatment of pulmonary arterial hypertension in adults, it is concluded that a combination of PDE5 inhibitors, such as sildenafil and tadalafil, with endothelin receptor antagonists, such as bosentan, is a better therapy for pulmonary arterial hypertension[47]. However, successful treatment for cases of BPD-associated PH in infants with tadalafil combined with bosentan is rare and needs further clinical trials.
Side effects of tadalafil and bosentan were monitored during the treatment’s duration. Neither clinical adverse events, including hypotension, bleeding events, gastric intolerance, skin rashes, and respiratory infection, nor the laboratory examinations, including complete blood count, liver enzymes, serum bilirubin, alkaline phosphatase, serum creatinine, and serum electrolytes, revealed any abnormal findings.
The current guidelines recommend cardiac catheterization if a second drug needs to be added to treat PH or if the child has ventricular dysfunction[5]. We did not perform cardiac catheterization on this baby because the child's parents refused this procedure.

CONCLUSION
PH is difficult to manage as a serious complication of BPD in preterm infants. Mortality is high, especially when it is complicated by heart failure. Valuable and noninvasive biomarkers, such as BNP, should be routinely measured during hospitalization to evaluate the risk and prognosis of BPD-associated PH in preterm infants. Comprehensive treatment involving iNO combined with vasodilators, including tadalafil and bosentan, may be effective. A prospective study involving a large sample size is needed to validate the efficacy and safety of these treatments.
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Figure Legends
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Figure 1 The imaging characteristics of the infant at 65 d after birth. A: Chest X-ray of the infant. Blurred lung texture, broad reduction in light transmission in both lungs, extensive lamellar dense shadow, and blurred mesh shadow were seen in both lungs, which suggested interstitial changes in both lungs; B: Computed tomography scan of the infant. Uneven transmission of both lungs with small capsule cavity locally, grind glass, dots, and patchy shadows scattered in both lungs with latticed changes locally. The interstitial abnormality in both lungs suggests bronchopulmonary dysplasia; C: Echocardiogram of the infant. Enlargement of the right ventricle and atrium was seen as well as thickening of the right ventricle anterior wall. The estimated pulmonary artery pressure was 47 mmHg according to the tricuspid regurgitation.
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Figure 2 The imaging characteristics of the infant at 151 d after birth. A: Chest X-ray of the infant. Uneven transmission of both lungs, blurred lung texture, grind glass, latticed and patchy shadows scattered in both lungs, increased cardiac shadow, and a heart to chest ratio of 0.63 suggest inflammation of both lungs with interstitial changes; B: Echocardiogram of the infant. Right heart enlarged, left heat narrowed. The estimated pulmonary artery pressure was 88 mmHg according to the tricuspid regurgitation, suggesting severe pulmonary hypertension.
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Figure 3 Clinical course of the patient. A: Brief treatment chart of the infant; B: Serial changes in the B-type natriuretic peptide level and pulmonary arterial pressure, and the clinical course of pulmonary hypertension (PH) of the patient. BPD: Bronchopulmonary dysplasia; iNO: Inhaled nitric oxide; PPHN: Persistent PH of the newborn. 
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