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Abstract

Objectives—To review the clinical classification, diagnosis and pathophysiology of pulmonary 

hypertension in children, emphasizing the role of right ventricular function, ventricular interaction 

and congenital heart disease in the evolution and progression of disease, as well as management 

strategies and therapeutic options.

Data Source—MEDLINE, PubMed

Conclusion—Critically ill children with pulmonary hypertension associated with congenital 

heart disease are a high-risk population. Congenital cardiac defects resulting in either increased 

pulmonary blood flow or impaired pulmonary venous drainage predispose patients to developing 

structural and functional aberrations of the pulmonary vasculature. Mortality from pulmonary 

hypertension is most directly related to right ventricular failure.
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Introduction

The simple definition of pulmonary hypertension (PH), which is a mean pulmonary artery 

pressure (PAP) of greater than or equal to 25 mmHg at rest, belies the complexity of the 

underlying pathophysiology. In the critical care setting, particularly in patients with 

congenital heart disease, pulmonary vascular disease can complicate the clinical course even 

if the resting PAP does not meet the definition of PH (1). Indeed, patients with congenital 

cardiac defects resulting in either increased pulmonary blood flow or impaired pulmonary 

venous drainage are prone to episodes of acute reactive pulmonary vasoconstriction that can 

result in catastrophic cardiopulmonary collapse, especially after exposure to 

cardiopulmonary bypass (CPB) (2).

Clinical Classification

The most recent clinical classification, which followed the 5th World Symposium on PH in 

2013, divided PH into five groups, with twenty-nine subgroups (3). Registries in France, the 
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United Kingdom, and the United States indicate that the most common causes of PH in the 

pediatric population are idiopathic PH and PH associated with congenital heart disease (4–

6). In the neonatal population, persistent pulmonary hypertension of the newborn (PPHN) is 

relatively common with an incidence estimated to be approximately 2 per 1000 live birth. 

Furthermore, PH associated with chronic lung disorders, such as bronchopulmonary 

dysplasia, is increasingly recognized. This most recent update aligned the classification of 

pulmonary arterial hypertension (PAH) in association with congenital heart disease with the 

Nice Pediatric classification and included 4 categories: Eisenmenger syndrome, left-to-right 

shunts, PAH with coincidental heart disease, and post operative PH. Furthermore, the 

classification proposed criteria for closing intracardiac shunts based upon pulmonary 

vascular resistance (PVR), as this is an important clinical dilemma (3).

Diagnosis

Indwelling pulmonary artery catheters provide the most direct information, allowing for 

measurement of vascular pressures, cardiac output and calculation of PVR. The routine use 

of these catheters has been called into question, but may be important in the management of 

the highest risk critically ill pediatric patients. The most common noninvasive study used in 

the intensive care unit is transthoracic echocardiography. The important data that may be 

obtained by echocardiography are: an estimate of systolic pulmonary arterial pressure, right 

and left ventricular function, and cardiac anatomy, including determinations of chamber 

sizes, valvular function and intracardiac shunts. In the absence of a measurable tricuspid 

regurgitant jet, parameters related to right ventricular outflow patterns and time intervals 

may be assessed by Doppler echocardiography with demonstrated accuracy compared to 

right-heart catheterization. Arkles and colleagues found that the shape of the right 

ventricular Doppler envelope predicted hemodynamics and right heart function in adult PH 

patients (7). The same group also demonstrated that another echocardiographic estimate of 

right heart function, the tricuspid annular plane systolic excursion (TAPSE), was reflective 

of RV function when compared to right heart catheterization, and predicted survival in a 

cohort of adult PH patients (8).

Cardiac catheterization remains the gold standard for the diagnosis of pulmonary 

hypertension. In addition to measuring pulmonary hemodynamics, cardiac catheterization 

can assess for intra- and extracardiac shunts, pulmonary vascular anatomy and reactivity, 

which can provide information that guides therapeutic decisions. Children who are 

responsive to acute vasodilator therapy, which is defined as a ≥ 20% decrease in PAP 

without a decrease in cardiac output, have been shown to have improved survival (9). 

However, the proper timing of cardiac catheterization is often less clear, in part because the 

risks increase in patients with acute disease. In fact, a recent study found that the risks of 

cardiac catheterization are higher in pediatric patients with PH compared to adults, but that it 

can be performed safely in these patients when undertaken with a programmatic approach 

(10).
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Pathophysiology

Patients with PH have increased right ventricular afterload due to increased PVR and 

decreased pulmonary vascular compliance. Recent data have demonstrated value in 

measuring pulmonary vascular impedance, which combines resistance and compliance. 

Increased impedance relates to several basic mechanisms. There is heterogeneity in the 

clinical manifestations of pulmonary vascular disease, with advanced disease characterized 

by increased pulmonary vascular reactivity, sustained pulmonary vasoconstriction, vascular 

remodeling, and luminal obstruction due to in situ thrombosis and/or obstructive neointimal 

and plexiform lesions. In 1958, Heath and Edwards first described the histopathology of 

pulmonary vascular changes associated with congenital cardiac defects, and devised a six 

grade classification (11). Rabinovitch and colleagues followed with a morphometric 

classification system, based on lung biopsies taken from patients (aged 2 days to 30 years, 

with a median age of 1 year) with congenital cardiac defects (12). This morphometric 

analysis showed progression of disturbed arterial growth and remodeling of the pulmonary 

vascular bed that correlated with the aberrant hemodynamic state of the pulmonary 

circulation. These changes were characterized by: (i) abnormal extension of vascular smooth 

muscle into small peripheral pulmonary arteries and mild medial hypertrophy of normally 

muscular arteries (Grade A), (ii) severe medial hypertrophy of normally muscular arteries 

(Grade B) and (iii) decreased pulmonary arterial number (Grade C). The degree to which 

these changes are reversible remains unclear, but likely depends in part upon the etiology, 

and may be influenced by age (13). In a seminal study, Rabinovitch and colleagues found 

that age at surgery, lung morphometric analysis, and the Heath-Edwards system grade 

predicted the reversibility of structural and functional pulmonary vascular changes 

secondary to congenital cardiac defects with increased pulmonary blood flow after surgical 

repair (14). In addition, it must be remembered that even early reversible pulmonary vascular 

disease can contribute to morbidity and mortality. An important study by Celermajer and 

colleagues, for example, demonstrated that children with increased pulmonary blood flow 

due to intracardiac shunting had a selective impairment of endothelium-dependent 

pulmonary vascular relaxation, before their baseline PAP or PVR increased significantly (1).

Aberrant endothelial function, characterized by a decrease in endogenous vasodilators, such 

as nitric oxide (NO) and prostacyclin (PGI2) and an increase in endogenous 

vasoconstrictors, such as endothelin (ET-1), contributes significantly to the increased 

pulmonary vasoconstriction and impaired relaxation in PH. NO is produced in the vascular 

endothelium by the enzyme endothelial NO synthase (eNOS), from the precursor L-arginine. 

Once formed, NO diffuses into the adjacent smooth muscle cell and activates soluble 

guanylate cyclase (sGC), producing cyclic guanosine monophosphate (cGMP). cGMP 

results in smooth muscle cell relaxation through protein kinase G (PKG). cGMP is broken 

down by a family of phosphodiesterases (PDE), with PDE5 being prominent in the 

pulmonary vasculature. Human studies have demonstrated that NO signaling is perturbed 

following CPB (15, 16). For example, in a seminal study, Wessel and colleagues examined 

children with congenital heart disease and PH undergoing repair with CPB (15). They 

administered acetylcholine, an endothelium-dependent vasodilator, before and after CPB, 

and inhaled NO, a selective endothelium-independent pulmonary vasodilator 
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postoperatively. They found that PAP and PVR fell in response to acetylcholine before CPB 

– but following CPB the response to acetylcholine was lost, while the response to inhaled 

NO was intact – indicating that CPB caused selective pulmonary vascular endothelial 

dysfunction.

Arachidonic acid metabolism within vascular endothelial cells, results in the production of 

PGI2 and thromboxane (TXA2). PGI2 activates adenylate cyclase, resulting in increased 

cyclic adenosine monophosphate (cAMP) production, activation of protein kinase A, and 

subsequent vasodilation, whereas TXA2 results in vasoconstriction via phospholipase C 

signaling. PGI2 also binds to platelet receptors, which inhibits their activation. Adatia and 

colleagues demonstrated an increased TXA2 to PGI2 ratio in children with cyanotic 

congenital heart disease and in children with increased pulmonary blood flow from left-to-

right shunts (17). Furthermore, these investigators showed that this ratio decreased following 

correction of the left-to-right shunts (18).

ET-1 is a 21 amino acid polypeptide also produced by vascular endothelial cells. The 

vasoactive properties of ET-1 are complex. However, its most striking property is its 

sustained hypertensive action. The hemodynamic effects of ET-1 are mediated by at least 

two distinct receptor populations, ETA and ETB. The ETA receptors are located on vascular 

smooth muscle cells, and mediate vasoconstriction, whereas the ETB receptors are located 

on endothelial and smooth muscle cells, and thus may mediate both vasodilation and 

vasoconstriction respectively. In addition, ETB receptors are involved in the clearance of 

ET-1. Animal and human studies indicate that CPB-induced increases in ET-1 participate in 

increased PVR and reactivity post-operatively (19, 20). For example, Schulze-Neick and 

colleagues demonstrated that PVR could be decreased in 7 patients with post-operative PH 

by the infusion of BQ123 an ETA-receptor selective antagonist – a reduction that was 

associated with arterial and venous plasma ET-1 levels – and that was not amenable to a 

further reduction by inhaled NO (20).

Management Strategies and Therapeutic Options

In the critical care setting, avoidance, recognition and treatment of pulmonary hypertensive 

crises are paramount (Figure 1). In 1979, John Wheller and colleagues described 2 infants 

and 1 child with the previously unreported complication of pulmonary hypertensive crisis 

and right-heart failure after closure of large unrestricted ventricular septal defects (21). It is 

now recognized that pulmonary hypertensive crises are most likely to occur in susceptible 

patients after cardiac surgery. Bando and colleagues reviewed a 14-year experience of just 

over 2400 patients and found that those with total anomalous pulmonary venous return, 

truncus arteriosus, transposition of the great arteries, ventricular septal defect, hypoplastic 

left heart syndrome, and atrioventricular septal defect had the highest incidence of 

postoperative PH crises (22). Mortality in this group was 8.5%; overall 23% of patients with 

PH events died. By multivariable analysis, the absence of PAP monitoring, venous oximetry, 

and preoperative PH, were independent risk factors for death associated with PH crises.

PH crises involve acute elevations in pulmonary vascular impedance that cause an increase 

in right ventricular afterload, right ventricular ischemia, and right heart output (Figure 1). 
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Contributing to a decrease in cardiac output is an associated increase in right ventricular end 

diastolic volume and pressure that shifts the interventricular septum to the left, which 

decreases left ventricular end diastolic volume and stroke volume (i.e., ventricular 

interdependence). Decreased cardiac output results in decreased systemic oxygen delivery 

and metabolic acidosis and decreased pulmonary blood flow increases dead space 

ventilation, leading to impaired respiratory acidosis, both of which cause pulmonary 

vasoconstriction. Distention of the pulmonary arteries and perivascular edema produce large 

and small airway obstruction, respectively, which further impairs ventilation-perfusion 

matching and decreases lung compliance. In fact, the decrease in lung compliance can be so 

dramatic that chest wall movement is impaired, even with manual ventilation. A cycle of 

worsening hypoxemia, hypercapnia, and acidosis (metabolic and/or respiratory) that results 

in further increases pulmonary vascular impedance develops that ultimately ends with right 

heart failure and death if left untreated.

In 1966 Dr. Rudolph elucidated the response of the pulmonary vasculature to hypoxia and 

hydrogen ion concentration (23). Today, oxygenation through delivery of high-inspired 

oxygen concentration and alkalinization are first line maneuvers in the treatment of PH, and 

the active avoidance of hypoxia and acidosis is fundamental to the management of patients 

at risk for PH. In addition, minimizing catecholamine-mediated α1-adrenergic stimulation 

associated with pain and/or agitation and avoiding excessive lung volumes in patients 

receiving positive pressure ventilation, which increases PVR, are important components of 

management. The most widely used therapies for PH work by altering one of three 

endothelial signaling cascades: NO-cGMP, PGI2, and ET-1. Figure 2 is a simplified 

depiction of the various sites of action of these therapies. In the critical care setting, 

augmentation of NO-cGMP signaling is most common, but the use of PGI2 analogs is 

increasing. With severe disease combination therapy is often required

Inhaled NO is the best-studied and most widely used agent for acute selective pulmonary 

vasodilation. When delivered by inhalation, NO diffuses across the alveolus into the smooth 

muscle of the accompanying capillary, resulting in relaxation. NO then diffuses into the 

blood vessel where it is rapidly inactivated by its interaction with hemoglobin. In this way, 

the effects of inhaled NO are relatively confined to the pulmonary circulation and to 

ventilated areas of the lung, optimizing ventilation-perfusion matching. Russell and 

colleagues found that inhaled NO decreased mean PAP in patients that emerged from CPB 

with PH (35%), but not in patients without PH after CPB. Miller and colleagues evaluated 

the efficacy of inhaled NO for the prevention of post-operative PH crises in a randomized 

double blind study of 124 infants with large ventricular septal defects or atrioventricular 

septal defects undergoing repair (2). They found that compared to placebo, patients 

receiving inhaled NO had fewer PH crises and shorter times to meet extubation criteria. 

There was no difference in mortality. Likewise, investigators have examined the utility of 

inhaled NO in patients after bidirectional cavopulmonary connections and Fontan 

completions (24–26). In these patients, inhaled NO decreased central venous and 

transpulmonary pressure gradients, and increased oxygen saturations. In addition, the 

pulmonary vascular response to inhaled NO has been studied as a part of the assessment for 

operability in patients with PH associated with congenital heart disease (27–30). These 

studies found that the combination of 100% oxygen and inhaled NO (80 ppm) produced 
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maximal pulmonary vasodilation and was more predictive than either treatment alone for 

postoperative outcome (27–30).

PDE5 inhibitors (such as sildenafil) augment NO-cGMP signaling by inhibiting the 

degradation of cGMP. Three small studies found that enteral sildenafil facilitated weaning 

from inhaled NO in pediatric patients with congenital heart disease undergoing therapy for 

postoperative PH (31–33). Two studies examined the effects of intravenous sildenafil in 

pediatric patients after cardiac surgery (34, 35). Both studies found that intravenous 

sildenafil decreased PAP and PVR either to a greater extent than inhaled NO or 

synergistically, but that its use was associated with increased intrapulmonary shunting and 

decreased systemic arterial pressures.

Intravenous PGI2, epoprostenol, has proven to be effective therapy for chronic PH. The 

inhalational route allows for more selective pulmonary vascular relaxation, which is 

particularly useful in the intensive care setting. Ivy and colleagues studied iloprost, a PGI2 

analog that is FDA approved for administration by nebulization, in 22 children with PH (36). 

They found that inhaled iloprost decreased PAP to a degree equivalent to inhaled NO with 

oxygen. Likewise, Rimensberger and colleagues administered inhaled iloprost and NO, 

alone and in combination, to 15 children with PH secondary to congenital cardiac defects 

(37). Both agents decreased the PVR to systemic vascular resistance (SVR) ratio to a similar 

degree, and there was no added benefit from a combination of the treatments. Limsuwan and 

colleagues found that inhaled iloprost decreased mean PAP and increased systemic 

saturations without decreasing systemic blood pressure in 8 children suffering from acute 

increases in PAP after repair of congenital heart disease (38).

Inhibition of ET-1 signaling (at least with currently available enteral formulations) does not 

reliably cause significant pulmonary vascular relaxation acutely, and thus ET receptor 

antagonists are generally used for more chronic therapy. However, in high-risk patients, 

these agents are started in the intensive care unit. Bosentan, an enteral dual ET receptor 

antagonist, is the most common ET receptor antagonist. A number of studies have 

demonstrated the efficacy of bosentan in patients with chronic PAH, including children. 

Newer agents include selective ETA-receptor antagonists.

Right Ventricular Function in Pulmonary Hypertension

Mortality from PH is most directly related to right ventricular function. Pulmonary 

vasodilation supports right ventricular function to the extent that afterload decreases. When 

challenged with increased afterload, the contractility of the right ventricular increases, due to 

changes in the sarcomere length-tension relationship, increased Ca+2 sensitivity, and 

alterations in the force-frequency relationship of the cardiomyocyte. In addition, the time 

course over which right ventricular afterload increases and the state of the right ventricle (in 

particular, right ventricular mass) influences the degree to which the right ventricle can 

compensate. For example, patients with Eisenmenger’s syndrome tolerate elevated right 

ventricular afterload far better than patients with normal right ventricles who suffer an acute 

pulmonary embolism.
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If PH persists, compensatory mechanisms fail leading to elevations in right ventricular end-

diastolic volume and decreased output. As described for PH crises, due to ventricular 

interdependence, increases in right ventricular end-diastolic volume and pressure result 

directly in decreased left ventricular filling and output (39). In fact, indicators of diastolic 

ventricular interaction, such as decreases in left ventricular end-diastolic volume, are more 

closely related to stroke volume than PAP in patients with PAH. Right and left ventricular 

contractility are intimately related. The ventricles share muscle fibers, the interventricular 

septum, and the pericardial space. In fact, animal studies estimate that upwards of 40% of 

right ventricular systolic pressure generation results from left ventricular contraction and 

pressure (systolic ventricular interaction) (40). In addition, right coronary artery perfusion is 

largely dependent on the pressure gradient between the aortic root and right ventricle.

Taken together, the principles of right ventricular support are: a reduction in right ventricular 

afterload, optimization of right ventricular volume, augmentation of right ventricular 

contractility, and maintenance of left ventricular contractility and pressure. Importantly, this 

strategy requires adequate left ventricular function. Fluid management that optimizes right 

ventricular volume presents a significant clinical challenge. Although volume loading may 

be necessary in some situations, excessive volume may provoke adverse diastolic ventricular 

interactions. In some situations, diuresis to decrease right ventricular volume may be 

necessary. The ideal agent or combination of agents for inotropic support of right ventricular 

contractility is not known. Dopamine has been shown to increase cardiac output in patients 

with PH, but Liet and colleagues found that dopamine increased the PVR:SVR ratio in 

preterm infants with a widely patent ductus arteriosus (41). Based on animal studies, 

epinephrine may have a superior hemodynamic profile in the setting of PH compared to 

dopamine (42). Dobutamine at low doses may result in a reduction in PVR, while increasing 

right ventricular contractility. Several clinical studies have demonstrated the efficacy of 

dobutamine in adult patients with PH (43). Likewise milrinone a PDE3 inhibitor that 

augments ventricular contractility while decreasing PVR and SVR has been shown to 

improve right ventricular output in adult patients with PH (44). The decrease in SVR may 

not be desirable and thus may need to be addressed by the addition of a vasopressor. 

Levosimendan, a Ca2+ sensitizing agent and PDE3 inhibitor approved for use in Europe but 

not the United States, has been shown to decrease PVR and improve right ventricular output 

in adult patients with RV failure secondary to a number of conditions including PH (45).

Vasopressors increase SVR and systemic blood pressure and therefore may augment right 

ventricular output due to the associated increase in left ventricular pressure. Increased 

systemic pressure can also help maintain right coronary perfusion. Norepinephrine has 

performed well in animal studies (46, 47). Tourneux and colleagues demonstrated that 

norepinephrine increased left ventricular output, systemic arterial pressure, and pulmonary 

blood flow, while decreasing the pulmonary to systemic pressure ratio in 18 newborns with 

PPHN (48). Phenylephrine has been shown to increase right coronary blood flow in the 

setting of increased right ventricular pressures, but may also increase PVR (49). 

Vasopressin, a systemic vasoconstrictor and pulmonary vasodilator, is a promising therapy 

for PH. Mohamed and colleagues administered vasopressin to 10 infants with PPHN for 

refractory hypotension and hypoxemia (50). All infants received inhaled NO prior to 

vasopressin. The administration of vasopressin was associated with a reduction in the 
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oxygenation index, the ability to reduce the inhaled NO dose, and an increase in the 

systemic arterial pressure. Urine output actually increased after 24 hours.

Atrial septostomy is sometimes considered as a part of the management strategy for chronic 

PH in order to allow for right-to-left atrial shunting, decompression of the right ventricle and 

left ventricular filling (51). In the acute setting, severe hypoxemia may limit the success of 

this approach. Labombarda and colleagues described favorable results with the placement of 

a Potts anastomosis (descending aorta to left pulmonary artery) in two children with severe 

idiopathic PH, thereby directing desaturated blood to the lower body (52).

Conclusions

Critically ill pediatric patients with PH associated with congenital heart disease are a high-

risk population. Understanding the pathophysiology of PH and the therapeutic approach is 

necessary for intensive care physicians caring for these vulnerable patients. Supporting 

ventricular function is essential.
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Figure 1. 
Pulmonary hypertensive crisis. An acute increase in pulmonary arterial pressure (PAP) 

results in a transient decrease in pulmonary blood flow (PBF) and airway obstruction due, in 

part, to the compression of small airways by hypertensive pulmonary arterioles. Respiratory 

acidosis results from an increase in dead space ventilation and ventilation-perfusion (V/Q) 

mismatch. Simultaneously, right ventricular end-diastolic pressure (RVEDP) and volume 

(RVEDV) increase, compromising right coronary perfusion, which can result in ischemia 

and failure of the right ventricle (RV). Also, the interventricular septum is shifted leftward 

decreasing left ventricular filling (decreased left ventricular end-diastolic volume [LVEDV]) 

and cardiac output, resulting in metabolic acidosis. Without intervention, this physiology 

spirals into circulatory collapse.
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Figure 2. 
A simplified schematic of the sites of action of selected therapies. Arrows indicate activation 

and (T) indicate inhibition. PGI2 = prostaglandin I2, ET-1 = endothelin-1, ETA = endothelin 

A receptor, ETB = endothelin B receptor, NO = nitric oxide, sGC = soluble guanylate 

cyclase, GTP = guanosine-5′-triphosphate, cGMP = guanosine-3′-5′cyclic monophosphate, 

GMP = guanosine monophosphate, AC = adenylate cyclase, cAMP = adenosine-3′-5′-

monophosphate, AMP = adenosine monophosphate, PDE5 = phosphodiesterase type 5.
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