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INTRODUCTION

Heterozygous familial hypercholesterolemia (HeFH) affects about one in 200 to 250 persons or over 30 million people worldwide, of whom about 20–25% are children and adolescents (1, 2). In those with HeFH, the level of serum low-density lipoprotein cholesterol (LDL-C) is elevated about two-fold from birth (3). If left untreated, the severe hypercholesterolemia causes pre-mature atherosclerosis. The standard treatment in HeFH children is statin therapy, which should start when the child is between 8 and 12 years of age (4). Homozygous familial hypercholesterolemia (HoFH) is the severe form of familial hypercholesterolemia (FH) affecting approximately 1 in 300,000 persons worldwide and causing four- to five-fold elevated levels of serum LDL-C (5). Despite the availability of multiple lipid-lowering therapies most HoFH patients do not achieve sufficiently low LDL-C levels, and accordingly are at high risk of symptomatic atherosclerotic cardiovascular disease already in childhood (6). In fact, there have been several case reports of sudden cardiac death due to fatal myocardial infarction in children with HoFH before the age of 10 years (7). Of note, the majority of the clinical studies performed on FH patients have included only the much more common form of FH, i.e., HeFH. Accordingly, when we refer to mere “FH,” we refer to studies with HeFH patients, unless specified otherwise.



ENDOTHELIAL DYSFUNCTION IN FAMILIAL HYPERCHOLESTEROLEMIA

The significantly elevated serum LDL-C causes endothelial dysfunction already in young children with FH (8, 9). Additionally, many FH patients have raised serum levels of lipoprotein(a) [Lp(a)] (10). Thus, endothelial function in FH children can be severely compromised when both LDL-C and Lp(a) levels are increased (8). Moreover, compared with unaffected controls, FH children display a proinflammatory and prothrombotic phenotype which is associated with vascular dysfunction (11). Because Lp(a) is circulating in the blood, both proinflammatory and antifibrinolytic (i.e., prothrombotic) effects may extend from the macrovascular to the microvascular level, so affecting the entire circulatory system. Furthermore, because Lp(a) inhibits fibrinolysis, the risk of forming non-occluding or occluding thrombi is increased in FH children, in contrast to non-FH children with a primarily healthy endothelium (12).



COVID-19–AN ENDOTHELIAL DISEASE

COVID-19 is considered to be an endothelial disease (13). Thus, the effect of this disease on vessel wall endothelial linings should particularly affect FH patients with COVID-19, in whom the already dysfunctional endothelium is acutely exposed to additional damaging insults caused by the excessive immunoinflammatory response of the host (i.e., the cytokine storm) and because the coronavirus can damage the endothelial cells also directly thereby leading to “endotheliitis” (13, 14). When exposed to inflammatory and infectious signals, the normally anticoagulant, antithrombotic, and profibrinolytic endothelial cells become activated and locally promote the activation of the coagulation cascade and thrombus formation. The pro-coagulant/pro-aggregatory, pro-inflammatory, vasoconstrictor, pro-oxidant, and barrier function-impairing properties of such damaged endothelium then critically contribute to the multiorgan failure characteristic of advanced stages of COVID-19.



COVID-19 IS A PROTHROMBOTIC STATE

A recent autopsy study revealed that adult COVID-19 patients frequently have fibrin microthrombi in the heart without acute ischemic injury (15). The risk of developing such non-occluding or even occluding cardiac microthrombi is likely to be higher in children with FH. According to the results of a recent meta-analysis, among hospitalized adult patients with COVID-19, the prevalence of acute myocardial infarction was 3.3% (95% CI 0.3–8.5) (16). Therefore, the possibility that children with FH, particularly those with HoFH and COVID-19, are at increased risk of coronary thrombus formation and, despite their young age, may be at risk for an ischemic cardiac event (6).

Current data have demonstrated a COVID-19-induced prothrombotic state in children, as reflected by elevated D-dimer levels (17). This prothrombotic state can be further followed in the clinical setting by using a diagnostic disseminated intravascular coagulation (DIC) score, which has been established by The International Society on Thrombosis and Haemostasis (ISTH) (18, 19). The ISTH DIC score is taking into account several mechanisms related to the DIC syndrome which is characterized by widespread intravascular activation of coagulation. The pathophysiological mechanisms include, among others, cytokine-initiated inflammatory activation of coagulation and insufficient control of anticoagulant pathways, which together lead to endothelial dysfunction and microvascular thrombosis (19). The usefulness of the ISTH DIC score was shown in a retrospective large cohort study of 1,127 adult COVID-19 patients in Spain (20). In this study, the initial ISTH DIC score was significantly higher among the ultimately non-surviving patients.

Al-Ghafry et al. (21) recently published a case series of eight hospitalized COVID-19 pediatric patients, in which the coagulation profiles were determined. Six children had elevated D-dimer levels and required oxygen supplementation, and five children also required intensive care unit treatment. The authors carried out rotational thromboelastometry and found an increased blood clot firmness with a contribution from fibrinogen. Based on these laboratory findings, the children of whom the youngest were 8 years old received anticoagulation according to institutional adult anticoagulation guidelines, and no thromboembolic complications were observed in the treated children. Based on the above findings there is a potential need to expand and study the indication for prophylactic anticoagulation in hospitalized children with COVID-19 (22) to children with FH, provided there are no contraindications to anticoagulant therapy. Furthermore, in FH children, it is essential to continue effective statin therapy because statins not only improve endothelial function but also decrease serum D-dimer levels by about 15%, thus providing additional mild anticoagulation (23, 24). Moreover, because proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors effectively lower serum LDL-C concentration, reduce the Lp(a) level by about 30%, and may also enhance the antiviral action of interferon in patients with hypercholesterolemia, the use of these inhibitors could be considered in hospitalized pediatric FH patients with COVID-19, particularly those with HoFH, if not already in use (25–27).



DISCUSSION

Results from controlled studies investigating the clinical effects of anticoagulation in hospitalized children with COVID-19 are lacking. Meanwhile, Loi et al. (22) have recommended that children with COVID-19 are eligible for anticoagulation. Based on the considerations presented here and on a recent expert consensus-based pediatric opinion (28), anticoagulant prophylaxis in children should be carried out (in the absence of any contraindications) by using low-dose low-molecular-weight heparin. Loi et al. also recommend that, in hospitalized children with COVID-19, it is important to trend the disseminated intravascular coagulation score with attention to the D-dimer level. Additionally, a pediatric risk assessment and consideration of prophylactic anticoagulation to prevent thrombosis should be performed at baseline and daily thereafter. When considering that FH is a prothrombotic condition by itself, the above recommendations would particularly apply to hospitalized FH children with COVID-19 (10, 29). This idea is supported by the above consensus-based clinical recommendation for anticoagulation in children hospitalized for COVID-19-related illnesses (28).



AUTHOR CONTRIBUTIONS

AV: writing the first draft. AV, FR, and PK: reviewing and editing to produce the final draft. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Wiegman A, Gidding SS, Watts GF, Chapman MJ, Ginsberg HN, Cuchel M, et al. Familial hypercholesterolaemia in children and adolescents: gaining decades of life by optimizing detection and treatment. Eur Heart J. (2015) 36:2425–37. doi: 10.1093/eurheartj/ehv157

 2. Representatives of the Global Familial Hypercholesterolemia Community, Wilemon KA, Patel J, Aguilar-Salinas C, Ahmed CD, Alkhnifsawi M. Reducing the Clinical and Public Health Burden of Familial Hypercholesterolemia: A Global Call to Action. JAMA Cardiol. (2020) 5:217–229. doi: 10.1001/jamacardio.2019.5173

 3. Vuorio AF, Turtola H, Kontula K. Neonatal diagnosis of familial hypercholesterolemia in newborns born to a parent with a molecularly defined heterozygous familial hypercholesterolemia. Arterioscler Thromb Vasc Biol. (1997) 17:3332–7. doi: 10.1161/01.ATV.17.11.3332

 4. Vuorio A, Kuoppala J, Kovanen PT, Humphries SE, Tonstad S, Wiegman A, et al. Statins for children with familial hypercholesterolemia. Cochrane Database Syst Rev. (2019) 2019:CD006401. doi: 10.1002/14651858.CD006401.pub5

 5. Sjouke B, Hovingh GK, Kastelein JJ, Stefanutti C. Homozygous autosomal dominant hypercholesterolaemia: prevalence, diagnosis, and current and future treatment perspectives. Curr Opin Lipidol. (2015) 26:200–9. doi: 10.1097/MOL.0000000000000179

 6. Cuchel M, Bruckert E, Ginsberg HN, Raal FJ, Santos RD, Hegele RA. Homozygous familial hypercholesterolaemia: new insights and guidance for clinicians to improve detection and clinical management. A position paper from the Consensus Panel on Familial Hypercholesterolaemia of the european atherosclerosis society. Eur Heart J. (2014) 35:2146–57. doi: 10.1093/eurheartj/ehu274

 7. Gautschi M, Pavlovic M, Nuoffer JM. Fatal myocardial infarction at 4.5 years in a case of homozygous familial hypercholesterolaemia. JIMD Rep. (2012) 2:45–50. doi: 10.1007/8904_2011_45

 8. Sorensen KE, Celermajer DS, Georgakopoulos D, Hatcher G, Betteridge DJ, Deanfield JE. Impairment of endothelium-dependent dilation is an early event in children with familial hypercholesterolemia and is related to the lipoprotein(a) level. J Clin Invest. (1994) 93:50–5. doi: 10.1172/JCI116983

 9. Nenseter MS, Bogsrud MP, Græsdal A, Narverud I, Halvorsen B, Ose L, et al. LDL-apheresis affects markers of endothelial function in patients with homozygous familial hypercholesterolemia. Thromb Res. (2012) 130:823–5. doi: 10.1016/j.thromres.2012.06.004

 10. Vuorio A, Watts GF, Schneider WJ, Tsimikas S, Kovanen PT. Familial hypercholesterolemia and elevated lipoprotein(a): double heritable risk and new therapeutic opportunities. J Intern Med. (2020) 287:2–18. doi: 10.1111/joim.12981

 11. Charakida M, Tousoulis D, Skoumas I, Pitsavos C, Vasiliadou C, Stefanadi E, et al. Inflammatory and thrombotic processes are associated with vascular dysfunction in children with familial hypercholesterolemia. Atherosclerosis. (2009) 204:532–7. doi: 10.1016/j.atherosclerosis.2008.09.025

 12. Cyranoski D. Why healthy arteries may help kids to avoid Covid complications. Nature. (2020) 582:324–5. doi: 10.1038/d41586-020-01692-z

 13. Libby P, Lüscher T. COVID-19 is, in the end, an endothelial disease. Eur Heart J. (2020) 41:3038–44. doi: 10.1093/eurheartj/ehaa623

 14. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS, et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. (2020) 395:1417–8. doi: 10.1016/S0140-6736(20)30937-5

 15. Bois MC, Boire NA, Layman AJ, Aubry MC, Alexander MP, Roden AC, et al. COVID-19-associated non-occlusive fibrin microthrombi in the heart. Circulation. (2020) 143:230–4. doi: 10.1161/CIRCULATIONAHA.120.050754

 16. Kunutsor SK, Laukkanen JA. Incidence of venous and arterial thromboembolic complications in COVID-19: a systematic review and meta-analysis. Thromb Res. (2020) 196:27–30. doi: 10.1016/j.thromres.2020.08.022

 17. Hoang A, Chorath K, Moreira A, Evans M, Burmeister-Morton F, Burnmeister F, et al. COVID-19 in 7780 pediatric patients: a systematic review. EClinicalMedicine. (2020) 24:100433. doi: 10.1016/j.eclinm.2020.100433

 18. Taylor FBJr, Toh CH, Hoots WK, Wada H, Levi M. Towards definition, clinical and laboratory criteria, and a scoring system for disseminated intravascular coagulation. J Thromb Haemost. (2001) 86:1327–30. doi: 10.1055/s-0037-1616068

 19. Gando S, Levi M, Toh CH. Disseminated intravascular coagulation. Nat Rev Dis Primers. (2016) 2:16037. doi: 10.1007/978-3-319-28308-1_13

 20. Muñoz-Rivas N, Abad-Motos A, Mestre-Gómez B, Sierra-Hidalgo F, Cortina-Camarero C, Lorente-Ramos RM, et al. Systemic thrombosis in a large cohort of COVID-19 patients despite thromboprophylaxis: a retrospective study. Thromb Res. (2021) 199:132–42. doi: 10.1016/j.thromres.2020.12.024

 21. Al-Ghafry M, Aygun B, Appiah-Kubi A, Vlachos A, Ostovar G, Capone C, et al. Are children with SARS-CoV-2 infection at high risk for thrombosis? Viscoelastic testing and coagulation profiles in a case series of pediatric patients Pediatr Blood Cancer. (2020) 67:e28737. doi: 10.1002/pbc.28737

 22. Loi M, Branchford B, Kim J, Self C, Nuss R. COVID-19 anticoagulation recommendations in children. Pediatr Blood Cancer. (2020) 67:e28485. doi: 10.1002/pbc.28485

 23. Undas A, Brummel-Ziedins KE, Mann KG. Anticoagulant effects of statins and their clinical implications. Thromb Haemost. (2014) 111:392–400. doi: 10.1160/TH13-08-0720

 24. Schol-Gelok S, van der Hulle T, Biedermann JS, van Gelder T, Leebeek FWG, Lijfering WM, et al. Clinical effects of antiplatelet drugs and statins on D-dimer levels. Eur J Clin Invest. (2018) 48:e12944. doi: 10.1111/eci.12944

 25. Kastelein JJ, Ginsberg HN, Langslet G, Hovingh GK, Ceska R, Dufour R, et al. ODYSSEY FH I and FH II: 78 week results with alirocumab treatment in 735 patients with heterozygous familial hypercholesterolaemia. Eur Heart J. (2015) 36:2996–3003. doi: 10.1093/eurheartj/ehv370

 26. Santos RD, Ruzza A, Hovingh GK, Wiegman A, Mach F, Kurtz CE. Evolocumab in pediatric heterozygous familial hypercholesterolemia. N Engl J Med. (2020) 383:1317–27. doi: 10.1056/NEJMoa2019910

 27. Vuorio A, Kovanen PT. PCSK9 inhibitors for COVID-19: an opportunity to enhance the antiviral action of interferon in patients with hypercholesterolemia. J Intern Med. (2020). doi: 10.1111/joim.13210. [Epub ahead of print].

 28. Goldenberg NA, Sochet A, Albisetti M, Biss T, Bonduel M, Jaffray J, et al. Consensus-based clinical recommendations and research priorities for anticoagulant thromboprophylaxis in children hospitalized for COVID-19-related illness. J Thromb Haemost. (2020) 18:3099–105. doi: 10.1111/jth.15073

 29. Vuorio A, Kovanen PT. Prevention of endothelial dysfunction and thrombotic events in COVID-19 patients with familial hypercholesterolemia. J Clin Lipidol. (2020) 14:617–8. doi: 10.1016/j.jacl.2020.06.006

Conflict of Interest: PK has received consultancy fees, lecture honoraria and/or travel fees from Amgen, Novartis, Raisio Group, and Sanofi. FR has received research grants, honoraria, or consulting fees for professional input and/or delivered lectures from Sanofi, Regeneron, Amgen, and Novartis.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Vuorio, Raal and Kovanen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







OPS/images/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hospitalized Children With Familial Hypercholesterolemia and COVID-19: A Case for Preventive Anticoagulation



		Introduction



		Endothelial Dysfunction in Familial Hypercholesterolemia



		COVID-19–An Endothelial Disease



		COVID-19 Is a Prothrombotic State



		Discussion



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Hospitalized Children With Familial
Hypercholesterolemia and
COVID-19: A Case for Preventive
Anticoagulation





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





