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Abstract

:

The interplay between coronavirus disease 2019 (COVID-19) and pulmonary hypertension (PH) in children is unknown. Adults with PH are at potential risk for severe complications and high mortality due to associated comorbidities. It is difficult to extrapolate the outcomes of COVID-19 in adults to pediatric PH patients. Overall, a small number of COVID-19 cases is reported in patients with preexisting PH. Several factors may be responsible for the low incidence of COVID-19 in children with PH. Pulmonary hypertension is a rare disease, testing is not universal, and patients may have followed more rigorously the Center for Disease Control’s guidelines recommended for personal protection with mask-wearing, social distancing, and hand sanitization through ongoing health education. The small number of COVID-19 cases in patients with preexisting PH does not support that PH is protective for COVID-19. However, medications used to treat PH may have some protection against COVID-19. This review discusses the pathophysiology of PH occurring with COVID-19, differences between children and adults with COVID-19, strategies for management of preexisting PH in children during the ongoing pandemic, and its impact within the field of PH.
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1. Introduction


Coronavirus disease 2019 (COVID-19) has had a catastrophic impact on global health, with more than 60 million confirmed cases worldwide and more than 1.4 million deaths [1]. Children are increasingly infected with the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) as the pandemic unfolds. The most frequently reported underlying medical conditions in children with COVID-19 are chronic lung disease, obesity, neurodevelopmental disabilities, and congenital heart disease [2]. Patients with pulmonary hypertension (PH) are vulnerable to SARS-CoV-2 as it is primarily a respiratory virus. The incidence of COVID-19 in adults with PH is 2.1 cases per 1000 patients [3]. There is little data on the incidence of SARS-CoV-2 in children with preexisting PH, or the incidence of PH occurring in conjunction with COVID-19. A systematic search on electronic databases (PubMed, Scopus, medRxiv, and bioRxV) was performed using the terms “children with preexisting PH and SARS-CoV-2”, “PH in children occurring with COVID-19”, “impact of COVID-19 on preexisting PH”, “therapies for PH in COVID-19”, and “PH during COVID-19 pandemic”. There have only been two pre-existing severe PH cases without pulmonary thromboembolism with COVID-19 reported in children: a 16-year-old girl with mitral stenosis and severe PH; and a 6-month-old infant with severe PH and right ventricular (RV) failure [4,5]. One should be cautious when interpreting small case numbers of COVID-19 cases in children with preexisting PH for several reasons. Pulmonary hypertension is a rare disease. Testing for SARS-CoV-2 is not universal. Patients may have followed more rigorously the Center for Disease Control’s (CDC’s) recommended personal protection with mask-wearing, social distancing, and hand sanitization; and hypothetically, medications used to treat PH may have some protection against COVID-19. There is no evidence to support that PH could be protective for COVID-19, but individuals with PH do not appear to be at increased risk of contracting COVID-19 compared to the general public. The purpose of the review is to discuss the pathophysiology of PH occurring with COVID-19, differences between children and adults with COVID-19, strategies for managing PH in children during the pandemic, and the impact of COVID-19 within the field of PH.




2. Pathophysiology of PH Occurring with COVID-19


The novel coronavirus, SARS-CoV-2, produces its effects through its spike protein interaction with the Angiotensin-Converting Enzyme 2 (ACE2) receptors highly expressed in alveolar lung cells and the vascular endothelium in patients who have COVID-19 [6]. Viral cell entry requires the serine protease, transmembrane serine protease 2 (TMPRSS2), to be expressed on the host cell [7]. The virus–receptor interaction results in a deficiency of ACE2 at the cell membrane due to the virus’s internalization along with the receptor by endocytosis [8]. Deficiency/downregulation of ACE2, an enzyme that physiologically counters the renin-angiotensin-aldosterone (RAS) system, degrades angiotensin II and attenuates its effects on endothelial damage, vasoconstriction, and fibrosis [9]. On the other hand, there is a linear association between angiotensinogen II levels in plasma and viral load and the severity of lung injury in patients with COVID-19 [10]. Several putative mechanisms of lung injury and PH in COVID-19 disease are illustrated in Figure 1. Endothelial dysfunction is the key to initiate the cascade of events leading to ventilation/perfusion mismatch, hypoxia, vasoconstriction, and PH. Further increase in pulmonary artery pressure contributes to an increase in RV afterload, leading to RV dysfunction and heart failure.



In children, ACE2 expression and TMPRSS2 are decreased in the lungs [11], but it is not clear to what extent this plays a protective factor against SARS-CoV-2. The histopathology study of lungs in adult patients with COVID-19 has shown severe damage to endothelial cells, disruption of the endothelial barrier’s integrity, and extensive thrombosis [12]. A distinctive feature of COVID-19-related acute respiratory distress syndrome (ARDS) is vascular angiogenesis [13]. The extensive lung damage results in ARDS and subsequent interstitial fibrosis. Hypoxia due to ARDS results in pulmonary vasoconstriction and acute PH. Systemic inflammatory response due to cytokine storm and damage to the endothelium may result in hypercoagulable state and intravascular thrombosis, although the exact mechanism is not known. The hyperinflammatory response, fibrosis, and thrombosis further facilitate PH and subsequent right ventricle (RV) dysfunction. SARS-CoV-2 causes endothelial dysfunction, diffuse microangiopathy, and microthrombosis, leading to ventilation–perfusion mismatch; and intrapulmonary right-to-left shunting aggravates further hypoxia and a vicious cycle leading to remodeling of the pulmonary vasculature. The prognostic impact of COVID-19 in preexisting PH patients with already pulmonary vascular remodeling is unknown and needs future studies.




3. Differences between Children and Adults in COVID-19


There are significant differences between children and adults with incidence, severity, and complications of COVID-19. Adults with COVID-19 can present with myocarditis, myocardial infarction, cardiomyopathy, cardiogenic shock, acute cor-pulmonale, and arrhythmias, but these manifestations are relatively rare in pediatric patients [14]. The cardiac findings reported in children with COVID-19 are myocarditis, myocardial dysfunction, and coronary artery involvement [14]. In adults, preexisting conditions such as hypertension, diabetes, and obesity lead to poor outcomes with COVID-19 [9]. A common feature in adults with severe COVID-19 is regional thrombosis in pulmonary vasculature [15]. The outcome of COVID-19 in adults with PH is worse, although the incidence of SARS-CoV-2 infection in PH patients is similar to the general population [16]. Old age with comorbidities confers a higher risk for death due to COVID-19, but children with PH are not immune to complications of SARS-CoV-2 infection.




4. Management of Preexisting or New-Onset PH Occurring with COVID-19


The management of PH occurring with COVID-19 remains primarily supportive care at this time. Supplemental oxygen should be used if oxygen saturation drops below 92% with SARS-CoV-2 infection. The PH medications should not be interrupted during the pandemic in preexisting PH patients. Inhaled nitric oxide (iNO) is known to be beneficial for treating ARDS and persistent PH in newborns. It has been reported that iNO may be useful in pregnant women with severe COVID-19 to prevent vertical transmission of SARS-CoV-2. According to the Chinese expert consensus statement’s recommendation on perinatal and neonatal management for the prevention and control of COVID-19 in newborn respiratory care unit with severe ARDS, high-dose pulmonary surfactant, iNO, and high-frequency oscillatory ventilation may be effective [17]. As the iNO also inhibits SARS-CoV-2 replication [18], this may prevent the progression of the COVID-19 disease. Phosphodiesterase-5 inhibitors (PDEI), especially sildenafil, may counteract the angiotensin type I (AT-1) receptor and reduce pro-inflammatory cytokines and alveolar infiltration of inflammatory cells [19]. Also, sildenafil and tadalafil inhibit the transition of the endothelial and smooth muscle cell to mesenchymal cells in the pulmonary artery, preventing clotting and thrombotic complications. Thus, PDEI helps improve gas exchange. Endothelin-1 is a potent endogenous vasoconstrictor, mainly secreted by endothelial cells. It increases pulmonary vascular tone and induces chronic inflammatory status by producing cytokines, growth factors, collagen, and aldosterone production [20]. Hence, endothelin receptor antagonists (ERAs) can prevent COVID-19-associated lung injury due to its anti-inflammatory actions [21,22].



Hemodynamic profiles in COVID-19 patients with ARDS are consistent with the elevated diastolic pulmonary gradient (the difference between the diastolic pulmonary artery pressure and the pulmonary artery wedge pressure) of >7 and pulmonary vascular resistance (PVR) >3 Wood units x m2, suggesting a pre-capillary type of PH [23,24]. RV dysfunction by elevated PVR is a poor prognostic factor in patients with COVID-19 [25]. Right ventricular decompensation can occur rapidly in patients with preexisting PH [26]. There are ongoing trials to explore the role of specific therapies for PH, such as ambrisentan, sildenafil, iloprost, iNO, recombinant ACE2, vasoactive intestinal peptide (VIP) analog, and tocilizumab in COVID-19 [27].



For severe respiratory infections that require admission to hospitals, patients should be admitted to hospitals with intensive care capabilities. Intubation should be avoided if possible, using high-flow nasal cannula oxygen in the prone position. If the patient requires intubation, it should be performed by an experienced physician, and the pre-intubation period is the most critical time as hypotension and hemodynamic collapse can occur. When intubation is planned, vasopressors should be started before induction with anesthesia to prevent sudden collapse due to hypotension. Inhaled NO should be tried as rescue therapy for COVID-19-induced ARDS and refractory hypoxemia before extra-corporeal support [28].



A general approach to patients with PH in children during the COVID-19 pandemic is proposed and illustrated in Figure 2. During the pandemic, any child with existing PH or with newly diagnosed PH should be tested for SARS-CoV-2 if there are signs of fever, respiratory distress, or hypoxemia. If the SARS-CoV-2 antigen test is negative, but clinical COVID-19 is suspected, then antibody screening is recommended [29]. A thorough clinical history including exposure to COVID-19, physical examination, and laboratory tests including chest-X-ray, electrocardiogram, complete blood count, C-reactive protein, D-dimer, lactate dehydrogenase, procalcitonin, brain natriuretic peptide, troponin, blood gas analysis, and an echocardiogram should be performed as early as possible [30,31,32,33]. Early imaging studies, especially CT lungs, are recommended as CT images’ yield is much higher than those of chest-X-ray. However, the pattern of CT changes in the pediatric population is quite different from adults. A typical CT finding observed in children with COVID-19 is lung consolidation with the surrounding halo sign [34]. Quantitative high-resolution CT (HRCT) in COVID-19 patients helps measure pulmonary blood volume changes and can display striking anomalies consistent with blood vessels’ pruning and help assess pulmonary vascular dysfunction. The HRCT findings are correlated well with increased pulmonary vascular resistance [35].



A multidisciplinary team, including an intensivist, pulmonologist, cardiologist, infectious disease specialist, and rheumatologist should be consulted to manage patients with PH and COVID-19 [32]. If there are signs and symptoms of heart failure or evidence of RV dysfunction by cardiac magnetic resonance imaging (CMR), patients should be treated according to guideline-directed medical therapy [36]. No therapeutics have yet been proven effective for the treatment of severe illness caused by COVID-19. European Society of Cardiology guidelines recommend low-dose steroids for children with severe COVID-19-related illness, such as refractory shock, ARDS, and mechanically ventilated patients [37]. In hospitalized patients with severe COVID-19, remdesivir is superior to placebo in shortening recovery time [38]. A subgroup of patients with severe COVID-19 may have a cytokine storm syndrome, and treatment of hyperinflammation using existing therapies such as IL-6 inhibitors (tocilizumab and sarilumab), and interleukin 1 receptor antagonists (IL-1RA) (anakinra) may reduce the mortality [39].




5. Impact of COVID-19 on PH Care in Children


COVID-19 has had a significant impact on all aspects of PH care in children and adults, from diagnosis to management. An enormous impact on clinic operations is observed, including fewer clinic visits and significantly increased telemedicine use. Before the COVID-19 pandemic, <10% of PH centers in the United States provided virtual visits, but now 97% of PH centers offer routine virtual visits [3]. The data from international PH registries (Australian and New Zealand [40], the United Kingdom [41], and Germany [42]) suggest that during the SARS-CoV-2 pandemic, there is a delay in referral and a subsequent impact on outcomes in children and adults with PH. While the COVID-19 pandemic is unfolding, the effect of co-infection of SARS-CoV-2 and influenza (COVI-Flu) will soon be devastating. The PH programs have been adopted to establish their protocols for the management of PH during the pandemic without increasing the risk of exposure to or transmission of SARS-CoV-2. Some PH centers have decreased the number of routine diagnostic testing procedures as a part of virtual visits. Only a minority of centers use any experimental medical therapy for COVID-19 [16]. The pandemic has had a second surge in most parts of the world during winter months. Co-infection with influenza or respiratory syncytial virus and COVID-19 at the same time could overwhelm the health care system further and potentially reduce our ability to catch and treat both respiratory illnesses effectively. It is essential to implement mask-wearing, hand sanitization, and social distancing as per CDC guidelines to effectively prevent transmission of SARS-CoV-2 infection and contain the COVID-19 pandemic. The preliminary data on highly effective vaccines against COVID-19 is a hopeful signal that help is on the way.




6. Conclusions


The impact of the COVID-19 pandemic and its aftermath will be observed for years to come, as the long-term effect of SARS-CoV-2 infection is unknown. The PH community is adjusting in real time with typical clinical scenarios in adults with COVID-19 and using the best clinical practice in children with PH. It is essential to continue the specific PH therapy in children even during COVID-19 illness unless changed by their provider. Sildenafil and bosentan, commonly used therapies for PH, have shown beneficial effects by shifting the blood flow to adequately ventilated lungs and their anti-inflammatory actions. According to the CDC, there is no evidence to suggest that patients with PH are at higher risk of becoming infected with SARS-CoV-2. However, strong evidence shows that PH can be worsened with pneumonia or other infectious complications due to COVID-19. The worsening of PH symptoms in an established PH patient may suggest a warning sign during the COVID-19 pandemic and necessitates an investigation of SARS-CoV-2 infection. The long-term effects of COVID-19 are unknown, and clinicians gather information through patient care to understand the impact of COVID-19 on PH patients. Pulmonary hypertension centers and international registries continue to monitor the PH population during the COVID-19 to manage PH patients better in the future.







Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



COVID-19 Map. John Hopkins University Coronavirus Resource Center. Available online: https://coronavirus.jhus.edu/map.html (accessed on 27 November 2020).

	



Leeb, R.T.; Price, S.; Sliwa, S.; Kimball, A.; Szucs, L.; Caruso, E.; Godfred-Cato, S.; Lozier, M. COVID-19 trends among school-aged children-United States, 1 March–19 September 2020. MMWR 2020, 69, 1410–1415. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, J.J. The Impact of COVID-19 on Pulmonary Hypertension. Available online: https://www.acc.org/latest-in-cardiology/articles/2020/08/35/the-impact-covid-19-on-pulmonary-hypertension (accessed on 28 September 2020).

	



Olfe, J.; Grafmann, M.; Kozlik-Feldman, R. A teenager with a congenital heart defect and Covid-19. Cardiol. Young 2020, 30, 1358–1359. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Gonzalez, M.; Rodriguez-Campy, P.; Sanchez-Codez, M.; Guiterrez-Rosa, I.; Castellano-Martinez, A.; Rodriguez-Benitez, A. New-onset right ventricular failure associated with COVID-19 in a young infant without previous heart disease. Cardiol. Young 2020, in press. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough, T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454. [Google Scholar] [CrossRef] [PubMed]

	



Iwata-Yoshikawa, N.; Okamura, T.; Shimizu, Y.; Hasegawa, H.; Takeda, M.; Nagata, N. TMPRSS2 contributes to virus spread and immunopathology in the airways of murine models after coronavirus infection. J. Virol. 2019, 93, e01815-18. [Google Scholar] [CrossRef] [PubMed]

	



Offringa, A.; Montijn, R.; Singh, S.; Paul, M.; Pinto, Y.M.; Pinto-Sietsma, S.-J. The mechanistic overview of SARS-CoV-2 using angiotensin-converting enzyme 2 to enter the cell for replication: Possible treatment options related to the renin-angiotensin system Eur Heart J Cardiovasc. Pharmacotherapy 2020, 6, 317–325. [Google Scholar] [CrossRef]

	



Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors for mortality of adult in-patients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 54–62. [Google Scholar] [CrossRef]

	



Liu, Y.; Yang, Y.; Zhang, C.; Huang, F.; Wang, F.; Yuan, J.; Wang, Z.; Li, J.; Li, J.; Feng, C.; et al. Clinical and biochemical indexes from 2019-nCoV infected patients linked to viral loads and lung injury. Sci. China Life Sci. 2020, 63, 364–374. [Google Scholar] [CrossRef]

	



Saheb Sharif-Askari, S.; Saheb Sharif-Askari, F.; Alabed, M.; Temsah, M.-H.; Healy, A.I.; Hamid, Q.; Halwani, R. Airway expression of SARS-CoV-2 receptor, ACE2, and TMPRSS2 is lower in children than adults and increases with smoking and COPD. Mol. Ther. Methods Clin. Dev. 2020, 18, 1–6. [Google Scholar] [CrossRef]

	



Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endothelitis in COVID-19. Lancet 2020, 395, 1417–1418. [Google Scholar] [CrossRef]

	



Ackerman, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov, A.; et al. Pulmonary vascular endothelitis, thrombosis, and angiogenesis in COVID-19. NEJM 2020, 383, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Niaz, T.; Hope, K.; Fremed, M.; Misra, N.; Altman, C.; Glickstein, J.; Sanchez-De-Toledo, J.; Fraisse, A.; Miller, J.; Snyder, C.; et al. Role of pediatric cardiologist in the COVID-19 pandemic. Pediatr. Cardiol. 2020, 1–17, (Online ahead of print). [Google Scholar] [CrossRef]

	



Bikdeli, B.; Madhavan, M.V.; Jimenez, D.; Church, T.; Dreyfus, I.; Driggin, E.; Der Nigoghossian, C.; Ageno, W.; Madjid, M.; Guo, Y.; et al. COVID-19 and thromboembolic disease: Implications for prevention, antithrombotic therapy, and follow-up. J. Am. Coll. Cardiol. 2020, 75, 2950–2973. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.D.; Burger, C.D.; Delossantos, B.D.; Grinnan, D.; Ralph, D.; Rayner, S.G.; Ryan, J.J.; Safdar, Z.; Ventetuolo, C.E.; Zamanian, R.T.; et al. A survey-based estimate of COVID-19 incidence and outcomes among patients with PAH or CTEPH and impact on the process of care. Ann. Am. Thorac. Soc. 2020, 17, 1576–1582. [Google Scholar] [CrossRef]

	



Wang, L.; Shi, Y.; Xia, T.; Fu, J.; Feng, X.; Mu, D.; Feng, Q.; Hei, M.; Hu, X.; Li, Z.; et al. Chinese expert consensus on perinatal and neonatal management for the prevention and control of the 2019 novel corona virus infection (first edition). Am. Transl. Med. 2020, 8, 47. [Google Scholar] [CrossRef]

	



Akerstrom, S.; Mousavi-Jazi, M.; Klingstrom, J.; Leijon, M.; Lundkvist, A.; Mirazimi, A. Nitric oxide inhibits the replication cycle of severe acute respiratory syndrome coronavirus. J. Virol. 2005, 79, 1966–1969. [Google Scholar] [CrossRef]

	



Isidori, A.M.; Giannetta, E.; Pofi, R.; Venneri, M.A.; Gianfrilli, D.; Campolo, F.; Mastroianni, C.M.; Lenzi, A.; d’Ettorre, G. Targeting the NO-cGMP-PDE5 pathways in COVID-19 patients. The DEADLO project. Andrology 2020. (online ahead of print). [Google Scholar] [CrossRef]

	



Kowalczyk, A.; Kleniewska, P.; Kolodziesjczyk, M.; Skibska, B.; Gorica, A. The role of endothelin-1 and endothelin receptor antagonists in inflammatory response and sepsis. Arch. Immunol. Ther. Exp. 2015, 63, 41–52. [Google Scholar] [CrossRef]

	



Araz, O. Current pharmacological approach to ARDS: The place of bosentan. Eurasian J. Med. 2020, 52, 81–85. [Google Scholar] [CrossRef]

	



Badagliacca, R.; Sciomer, S.; Petrosillo, N. Endothelin receptor antagonists for pulmonary hypertension and COVID-19: Friend or foe. JHLT 2020, 39, 729–730. [Google Scholar]

	



Calcaianu, G.; Calcaianu, K.; Gschwend, A.; Canuel, M.; Meziani, F.; Kessier, R. Hemodynamic profile of pulmonary hypertension in ARDS. Pulm. Circ. 2018, 8, 2045893217753415. [Google Scholar] [CrossRef] [PubMed]

	



Nuche, J.; de la Cal, T.S.; Guarch, C.J.L.; Lopez-Medrano, F.; Delgado, C.P.O.; Ynsaurriaga, F.A.; Delgado, J.F.; Ibáñez, B.; Oliver, E.; Subías, P.E. Effects of coronavirus 2019 in pulmonary circulation. The particular scenario of precapillary pulmonary hypertension. Diagnostics 2020, 10, 548. [Google Scholar] [CrossRef] [PubMed]

	



Zepol, W.M.; Snider, M.T. Pulmonary hypertension in severe acute respiratory failure. NEJM 1977, 296, 476–480. [Google Scholar] [CrossRef] [PubMed]

	



Pagnesi, M.; Baldetti, L.; Beneduce, A.; Calvo, F.; Gramenga, M.; Pazzanese, V.; Ingallina, G.; Napolano, A.; Finazzi, R.; Ruggeri, A.; et al. Pulmonary hypertension and right ventricular involvement in hospitalized patients with COVID-19. Heart 2020, 106, 1324–1331. [Google Scholar] [CrossRef]

	



Source. Available online: https://www.clinicaltrials.gov/ (accessed on 5 November 2020).

	



Kobayashi, J.; Murata, I. Nitric oxide inhalation as interventional rescue therapy for COVID-19-induced acute respiratory distress syndrome. Ann. Intensive Care 2020, 10, 1–2. [Google Scholar] [CrossRef]

	



Definitions of Diagnostic, Screening, and Surveillance Testing for SARS-CoV-2. Available online: https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html (accessed on 5 October 2020).

	



Hansmann, G.; Koestenberger, M.; Alastalo, T.P.; Apitz, C.; Austin, E.D.; Bonnet, D.; Budts, W.; D’Alto, M.; Gatzoulis, M.A.; Hasan, B.S.; et al. 2019 updated consensus statement on the diagnosis and treatment of pediatric pulmonary hypertension: The European Pediatric Pulmonary Vascular Disease Network (EPPVDN), endorsed by AEPC, ESPR and ISHLT. J. Heart Lung Transplant. 2019, 38, 879–901. [Google Scholar] [CrossRef]

	



Ryan, J.J.; Melendres-Groves, L.; Zamanian, R.T.; Oudiz, R.J.; Chakinala, M.; Rosenweig, E.B.; Gomberg-Maitland, M. Care of patient with pulmonary arterial hypertension during the coronavirus (COVID-19) pandemic. Pulm. Circ. 2020, 10, 2045894020920153. [Google Scholar] [CrossRef]

	



Kache, S.; Chisti, M.J.; Gumbo, F.; Mupere, E.; Zhi, X.; Nallasamy, K.; Nakagawa, S.; Lee, J.H.; Di Nardo, M.; De La Oliva, P.; et al. COVID-19 PICU Guidelines: For high and limited-resource settings. Pediatr. Res. 2020, 88, 705–716. [Google Scholar] [CrossRef]

	



Lazzeri, C.; Bonizzoli, M.; Batacchi, S.; Peris, A. Echocardiographic assessment of the right ventricle in COVID-19 related acute respiratory syndrome. Intern. Emerg. Med. 2020, 1–5, Online ahead of print. [Google Scholar] [CrossRef]

	



Xia, W.; Shao, J.; Gio, Y.; Peng, X.; Li, Z.; Hu, D. Clinical and CT features in pediatric patients with COVID-19 infection: Different points from adults. Pediatr. Pulmonol. 2020, 55, 1169–1174. [Google Scholar] [CrossRef]

	



Lins, M.; Vandevenne, J.; Thillai, M.; Lavon, B.R.; Lanclus, M.; Bonte, S.; Godon, R.; Kendall, I.; De Backer, J.; De Backer, W. Assessment of small pulmonary blood vessels in COVID-19 patients using HRCT. Acad. Radiol. 2020, 27, 1449–1455. [Google Scholar] [CrossRef] [PubMed]

	



The European Society of Cardiology. ESC Guidance for the Diagnosis and Management of CV Disease during the COVID-19 Pandemic. Available online: https://www.escardio.org/Education/VOVID-19-and-Cardiology/ESC-COVID-19-Guidance (accessed on 28 September 2020).

	



Feldstein, L.R.; Rose, E.B.; Horwitz, S.M.; Collins, J.P.; Newhams, M.M.; Son, M.B.F.; Newburger, J.W.; Kleinman, L.C.; Heidemann, S.M.; Martin, A.A.; et al. Multisystem inflammatory syndrome in US children and adolescents. NEJM 2020, 383, 334–346. [Google Scholar] [CrossRef] [PubMed]

	



Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.; Kline, S.; et al. Remdesivir for the treatment of the COVID-19-preliminary report. NEJM 2020, 383, 992–993. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 395, 1033–1034. [Google Scholar] [CrossRef]

	



Khou, V.; Anderson, J.J.; Strange, G.; Corrigan, C.; Collins, N.; Celermajer, D.S.; Dwyer, N.; Feenstra, J.; Horrigan, M.; Keating, D.; et al. Diagnostic delay in pulmonary arterial hypertension: Insights from the Australian and New Zeeland pulmonary hypertension registry. Respirology 2020, 25, 863–871. [Google Scholar] [CrossRef]

	



John, W.S.; Arachchillage, D.J.; McCabe, C.; Price, L.C. Covid-19 pneumonia and pulmonary vascular disease: A UK center perspective Respiratory Medicine and Research. Respir. Med. Res. 2020, 78, 100781. [Google Scholar]

	



Yogeswaran, A.; Gall, H.; Tello, K.; Grunig, E.; Xanthouli, P.; Ewert, R.; Kamp, J.C.; Olsson, K.M.; Wißmüller, M.; Rosenkranz, S.; et al. Impact of SARS-CoV-2 pandemic on pulmonary hypertension out-patient clinics in Germany: A multi-center study. Pulm. Circ. 2020, 10, 2045894020941682. [Google Scholar] [CrossRef]








[image: Medicina 56 00716 g001 550] 





Figure 1. Several putative mechanisms of development of pulmonary hypertension (PH) with COVID-19 and the possible role of PH-specific therapies. (Ang: Angiotensin; AT1 R: Angiotensin 1 receptor; ACE2: Angiotensin-Converting Enzyme; ARDS: acute respiratory distress syndrome; DIC: Disseminated intravascular coagulation; ETRA: Endothelin Receptor Antagonist; IL: Interleukin; LDH: Lactate dehydrogenase; NO: Nitric Oxide; PDEI: Phosphodiesterase Inhibitor; RAS: Renin-Angiotensin-System; RV: Right Ventricle; TMPRSS2: Transmembrane Serine Protease 2). 
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Figure 2. A proposed approach to children with preexisting PH or newly diagnosed PH during the COVID-19 pandemic. 






Figure 2. A proposed approach to children with preexisting PH or newly diagnosed PH during the COVID-19 pandemic.



[image: Medicina 56 00716 g002]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Care of children with PH or newly diagnosed cases of PH with COVID-19

Newly diagnosed PH

» Screening for SRAS-CoV-2
(Rapid antigen test) [29]

» Evaluation for PH as per
guidelines [30]

Established PH patients

» Tele-visit (virtual visit) [31]

» Routine clinical and laboratory
monitoring [31]:
(6-min walk, CBC, BNP, LFT, PT/INR)

» COVID-19 precautions per CDC guidelines

» Screening and quarantine if COVID-19
positive but asymptomatic

» Close monitoring of asymptomatic
patients

» Routine immunization

» No change in PH specific medications

PH patients with SARS-CoV?2 positive or serology +ve

Non-critically ill

» Consider hospitalization if

fever >101F, sPO2 <92% [32]

» ECG, CXR, and ECHO [33]
» CT-Chest: Pneumonia [34]
» Laboratory tests [32]: CBC, LFT,

LDH, CRP, Procalcitonin, ferritin,
D-Dimer, fibrinogen, IL-6, PT/INR,
Troponin, BNP

» Symptomatic treatment

YV VVVV VY

Critically ill

Hypoxia (sP02<92%), hypotension,
arrhythmia, signs of MIS-C: admit

to ICU [32,37]

Multi-disciplinary team [32]
Intravenous immunoglobulin G [37]
Steroid [37]

CMR [36]

Invasive monitoring (Swan-ganz) [36]
Anticoagulant [15]

Remdesivir [38]

Consider IL-6 blocker (Tocilizumab) or
IL-1RA (Anakinra) [39]






nav.xhtml


  medicina-56-00716


  
    		
      medicina-56-00716
    


  




  





media/file0.png





media/file2.png
TMPRSS?2

epithelial cells  NO ACE? rece . @ pericyte around
ptors > | .,
\NJ

¢ | ” intemalization
of virus and ACE2
(endocytosis)

DR |
WU, microvascular

and replication of virus J X L \ platelet . |
SARS-CoV-2 virus  viral S protein . activation endothelia
P type | & Il penumocytes  endothelial cells dysfunction

DIC l
microthrombosis
/ (Dysfunction of ACE2

HYPOXIA«—— ARDS Ang-(1-7)

€~ Diffuse alveolar damage, endothelitis, disrupt protective arm
7 E]/ thrombosis and angiogenesis : of RAS pathway)
. Acute pulmorfary ;
MY hypertension ‘ @ ANG II> ATTR
4“\ / _ E Lung Inflammation
_ endocardial : Fibrosis
RV Failure ischemia TR Bicells NK cells E Oxidative stress
(acute cor pulmonale) * Lymphopenia - Vasoconstriction

acrophages !

1
Macrophag€ Activation Syndrome Pulmonary

IL-6, IL-8, MCP-1, TGFB, I-1B, T:JFCI h er‘tenS|On
CRP Ferritin, LDH, Transaminase, CYTOK|NE : yp

: @ .
D-dimers, Fibrinogen, Cytopenia STORM # MUItl'Organ failure

ETRA

cardiogenic shock

DEI






media/file3.jpg
Care of children with PH or newly diagnosed cases of PH with COVID-19

%\

Newly disgnosed PH Establshed PH patients  PH patients with SARS-CoV2 positive or serology +ve

s 7
[ enmivornviodigerierr g Non-crtically il citicaly il
sty et e vy

ot e o,
v maone i, oAt






media/file1.jpg
TMPRSS2
epithellcells o ACEZ et pericyte round

oV-2vius  vial S protein Lty endothelial
S ISP penumocytes  endomen cels el

oic l
microthrgmbosis
1 Oystuncton of AcE2

g (1)
asnprprotecive am
T RAS gy

Acute pulmor

hypertension NG AT1 R
= .-

endocartial

R Faiure ischemia
aevacorpinans) i Lymphopenia

cardiogeni shock / v
Pulmonary
T = perenson






