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Abstract
Introduction: Hematologic complications of SARS-CoV-2 infection are well described in hospitalized adults with correlation to adverse outcomes. Information published in children has been limited.  
Methods: An international multi-centered (n = 15) retrospective registry was established to collect data on the clinical manifestations of SARS-CoV-2 or multisystem inflammatory syndrome (MIS-C) in hospitalized children between February 1, 2020 – May 31, 2021. This sub-study focused on hematologic manifestations. Study variables included patient demographics, comorbidities, clinical presentation, course, laboratory parameters, management, and final outcomes.  
Results: Nine hundred and eighty-five children were enrolled and 915 (93%) had clinical information available; 385 (42%) had symptomatic SARS-CoV-2 infection upon admission, 288 had MIS-C (31.4%) and 242 (26.4%) had alternate diagnosis with SARS-CoV-2 identified incidentally. During hospitalization, 10 children (1%) experienced a thrombotic event, 16 (1.7%) had hemorrhage and 2 (0.2%) had both thrombotic and hemorrhagic episodes. Significant prothrombotic comorbidities included congenital heart disease (p-value = 0.007), central venous catheter (p = 0.04) in children with primary SARS-CoV-2 infection; and obesity (p-value= 0.002), cytokine storm (p= 0.012) in those with MIS-C. Significant prohemorrhagic factors included age > 10 years (p = 0.04), CVC (p= 0.03) in children with primary SARS-CoV2 infection; and thrombocytopenia (0.001), cytokine storm (0.02) in those with MIS-C.  Eleven patients died (1.2 %) with no deaths attributed to thrombosis or hemorrhage.   
Conclusion:  Thrombotic and hemorrhagic complications are uncommon in children with SARS-CoV-2 infection and observed with underlying co-morbid conditions. Understanding the complete spectrum of hematologic complications in children with SARS-CoV-2 infection or MIS-C requires further multi-center studies.  



Introduction 
In hospitalized adults, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection has been associated with hematologic complications (1) including coagulopathy, significantly elevated d-dimers, and venous thromboembolism. These complications increase the risk of death. (2-5) The etiology of coagulopathy has been hypothesized to be secondary to a hemostatic imbalance associated with infections, similar to sepsis induced coagulopathy (SIC). However, when compared to SIC, coagulopathy associated with SARS-CoV-2 is characterized by no or mild thrombocytopenia, higher rates of thrombosis and a greater increase in D-dimer levels with infrequent hemorrhagic events. (6-8) 
Children infected with SARS-CoV-2 are commonly asymptomatic or present with mild gastrointestinal or respiratory symptoms with a less than 1% mortality rate.(9-12)  Children with underlying medical conditions such as chronic lung disease, congenital heart disease (CHD), obesity and age < 1 year are at an increased risk of severe illness with multiorgan dysfunction due to SARS-CoV-2 infection.(13) Reports of hematologic complications of SARS-CoV-2 infection or MIS-C in children are limited. Two pediatric case series and one large multicenter retrospective study reported an increased risk of thrombosis in children over 12 years of age with multisystem inflammatory syndrome in children (MIS-C). (14, 15) However, the complete clinical presentation of hematologic symptoms, complications, and optimal management, has not been reported. The impact of hematologic complications on the overall disease prognosis also remains undetermined.  
Given the impact of SARS-CoV-2 on hemostasis and its known association with mortality in adults, understanding the spectrum of pediatric hematologic abnormalities and associations with outcome is critical to optimize management and to develop evidence-based recommendations for anticoagulation. The objectives of this study were to 1) determine the prevalence of hemorrhage or thrombosis; 2) 
Describe the hematologic manifestations (hemorrhage and thrombosis) and management and 3) assess the relationship between hematologic complications and underlying comorbidities in hospitalized children with SARS-CoV-2 and MIS-C. 
Methods 
A multi-site international registry was created by the PICNIC (Pediatric Investigators Collaborative Network on Infections in Canada) investigators, with the aim to collect data regarding clinical presentation, treatment, and outcome of hospitalized children up to 18 years of age with SARS-CoV-2 infection or MIS-C diagnosis. Fifteen hospitals participated in the study across three countries (Canada, Costa Rica, and Iran). Children who were hospitalized between February 1, 2020, to May 31, 2021, were eligible for inclusion.  This retrospective cohort sub-study presents data on the hematologic manifestations.  
Cases were identified by screening admission lists, review of admitted children with positive testing for SARS-CoV-2 or MIS-C diagnosis and/or communication with the clinical services likely to admit or be consulted on MIS-C cases.  Children were classified with primary SARS-CoV-2 infection if the infection led to the hospital admission or prolonged the hospital stay for an existing admission.  A child was classified with incidental SARS-CoV-2 infection if the infection did not lead to hospital admission or affect the duration of the hospital stay. Children were classified as having MIS-C based on the World Health Organization (WHO) criteria (16). Data entry for the incidental SARS-CoV-2 cases was partially completed (figure 1). 
Data collected included patient demographics, underlying comorbidities including pro-hemorrhagic or pro-thrombotic conditions, diagnosis of MIS-C, clinical presentation, disease course, severity as determined by admission to intensive care unit (ICU) and use of cardiorespiratory supports, new hemorrhagic or thrombotic events during hospitalization, laboratory results, treatments, and complications. Presence of hemorrhage was determined based on data from the clinical chart and classified according to the WHO modified bleeding scale. (17) Thrombotic events were identified based on evidence of vessel occlusion on radiographic imaging (any) with/without clinical features. The patients were considered to have Cytokine storm if they fulfilled the classification criteria put forth by the Pediatric Rheumatologic Collaborative in 2016. (18) Pro-thrombotic risk factors were based on ISTH criteria and included age > 10 years, previous thrombosis, presence of a central venous catheter (CVC), active cancer, obesity, inherited thrombophilia, congenital/acquired heart disease, autoimmune disorders, hemoglobinopathy, systemic infection or ICU admission. (19, 20)   Hemorrhagic risk factors were identified based on review of pediatric and adult literature outlining the epidemiology of bleeding in critically ill patients (21-23) and included age> 10 years, male gender, CVC, thrombocytopenia, congenital heart disease, use of anticoagulation/antiplatelet therapy, congenital bleeding disorder, renal failure, systemic infection, or ICU admission. Systemic infection was defined as laboratory detection of any virus, bacteria, or fungi concurrent with SARS-CoV-2 infection and treated with antimicrobials. Obesity was selected as a co-morbid condition if documentation of obesity was provided in the medical records by the primary healthcare team. Laboratory parameters collected included platelet count, international normalized ratio (INR), partial thromboplastic time (PTT), fibrinogen and d-dimer. Data on clinical manifestations of bleeding and/or thrombosis, and management of these symptoms (including use of antithrombotic as prophylaxis and treatment) was recorded.   
Ethics approval was obtained at all sites and the need for consent was waived. The Strengthening the Reporting of Observational studies in Epidemiology (STROBE) guidelines were followed to ensure accurate and complete reporting of all observations for this retrospective cohort study. (24) 
Data were collected and managed using REDCap electronic data capture tools. Patients who were classified as having ‘incidental SARS-CoV-2 infection’ and lacked clinical data were not included in descriptive or comparative statistics. Patients with ‘incidental SARS-CoV-2’ who had clinical data available were described and included in descriptive statistics but not in the comparative analyses.  
Comparative statistics were performed separately for patients with primary SARS-CoV-2 infection and MIS-C given differences in the disease processes for these two conditions. Descriptive statistics were performed for continuous and categorical variables. Comparisons of continuous variables between patients with hemorrhage and thrombosis versus no hemorrhage or thrombosis were conducted using parametric (Independent sample t-tests) and non-parametric (Wilcoxon signed rank) tests depending on the presence of normality. Categorical variables were compared using chi-square or Fisher exact test among patients with hemorrhage or thrombosis versus no clinical hematologic features. A p value level of 0.05 was considered significant. All data was analyzed using SAS version 9.4. 
Results 
Nine hundred and eighty-five children were included in the registry with complete information on 915 patients. Three hundred and eighty-five (385/915; 42%) were diagnosed with primary SARS-CoV-2 infection, 288 (31.4%) with MIS-C and 242 (26.4%) with incidental SARS-Cov-2.  Seventy patients with incidental SARS-CoV-2 had missing clinical information (Table 1). The prevalence of thrombosis was 1.3% in children with primary SARS-CoV-2 infection (5/385), 1.7% in patients with MIS-C (5/288) and 0.8% (2/242) in children with incidental SARS-CoV-2 infection.  The prevalence of hemorrhage was 2.8 %( 11/385) with primary SARS-CoV-2 infection, 2.1% (6/288) with MIS-C and 0.4% (1/242) with incidental SARS-CoV-2. One hundred and seventy-seven (19%) required intensive care and 11 (1.2%) died during the admission. Reasons for death included respiratory failure secondary to SARS-CoV-2 infection (n=9), multi-organ failure in the setting of cytokine storm (n=1), and unrelated due to SIDS (sudden infant death syndrome) (n=1). No deaths occurred due to hemorrhage or thrombosis in the study cohort. Ten children who died had underlying comorbidities including chromosomal abnormalities (n=2), cancer (n=4), chronic kidney disease (n=1) and chronic lung disease (n=3). 



Ten patients (10/915; 1.0 %) developed new thromboses of which 5 (50%) had primary SARS-CoV-2 infection, 3 (30%) had MIS-C and2 (20%) had incidental SARS-CoV-2 infection (Table 2).  Two of the 10 patients with thrombosis (one with MIS-C and one with incidental SARS-CoV-2 infection) developed new autoimmune conditions (Guillain-Barre (GBS) and Antiphospholipid Antibody Syndrome (APS) respectively) at the time of hospital admission. Both were seropositive for SARS-CoV-2. The first patient had mild SARS-CoV-2 infection 15 days prior to admission whereas the other was exposed in a major community outbreak 30 days before admission. Underlying medical diagnoses among children with thrombosis (N = 10) included obesity (3/10, 30%), seizure disorder with global developmental delay (2/10, 20%), congenital heart disease with global developmental delay (2/10, 20%), presence of CVC (2/10, 20%) and inherited thrombophilia (1/10, 10%).  Three children with thrombosis (2 with MIS-C and one with primary SARS-CoV-2 infection) developed cytokine storm during hospital admission. Five patients with thrombosis required ICU admission and one died due to multiorgan failure associated with cytokine storm. Most patients with thrombosis (9/12; 80%) were treated with standard pediatric anticoagulation management (low molecular weight or unfractionated heparin). Three patients were not treated with anticoagulation and did not receive prophylaxis.  

Co-morbid medical conditions that predispose to thrombosis (based on the ISTH criteria) were compared between children with thrombotic events versus those without thrombosis (Table 5). For children with primary SARS-CoV-2 infection and thrombosis (5/385;1.3%), congenital heart disease (40% versus 2.4%; p-value 0.007) and presence of CVC (40% versus 7%; p-value 0.04) were more likely compared to children who had primary SARS-CoV-2 infection without thrombosis (380/385). For children with MIS-C and thrombosis (5/288;1.7%), obesity (60% versus 2%; p-value 0.002) and cytokine storm (40% versus 3%; p-value 0.012) were more common compared to children with MIS-C without thrombosis (283/288).   

Episodes of new hemorrhage were reported in 16 patients (16/915; 1.7%), 11 with primary SARS-CoV-2 infection, 4 with MIS-C and 1 with incidental SARS-CoV-2 infection.  (Table 3) The  underlying medical conditions in children with hemorrhage (N = 16) included thrombocytopenia secondary to malignancy (5/16; 31%), presence of CVC  (4/16; 25%), global developmental delay with cerebral palsy (3/16;18%), asthma (2/16;12.5%), acute kidney injury (1/16; 6.25%), hepatitis (1/16;6.25%), gestational hypertension (1/16; 6.25%), congenital platelet function defect (1/16; 6.25), congenital heart disease (1/16;6.25%) and obesity (N= 1, 6.25%). Among children with hemorrhage, 2 with MIS-C and one with primary SARSCoV-2 infection developed cytokine storm during hospitalization.  Fifty percent of the patients with bleeding episodes (N = 8/16) had severe hemorrhage (WHO grade 3 or higher) and required transfusion of blood products to control the bleeding. One patient also required surgical intervention for severe epistaxis. Seven patients (7/16; 43%) required ICU admission. One patient died due to sepsis and relapsed leukemia.  

Six patients (6/16; 37.5%) who experienced hemorrhage were receiving anticoagulation treatment. Two were receiving antiplatelet agents as treatment of MIS-C and 4 were receiving prophylactic anticoagulation. The hemorrhage severity did not differ significantly between patients receiving anticoagulation or antiplatelet agents (3/6; 50% with WHO grade 3-4 hemorrhage) when compared to those who were not (5/10; 50% with WHO grade 3-4 hemorrhage).  
Co-morbid medical conditions that predispose to hemorrhage were compared between children with hemorrhage and those with no hemorrhagic events. (Table 6) Significant pro-hemorrhagic conditions included age greater than 10 years (50% versus 23%; p-value 0.04), the presence of a CVC (30% versus 7%; p-value 0.03) in children with primary SARS-CoV-2 infection and hemorrhage (11/385) whereas thrombocytopenia with malignancy (28.5% versus 0.3%; p-value 0.001) and cytokine storm (28.5% versus 3%; p-value 0.02) were more common in children with MIS-C and hemorrhage (6/288). 

In addition, two patients with MIS-C developed both hemorrhage and thromboses (Table 4). One was diagnosed with pulmonary micro emboli and upper GI hemorrhage.  The second was diagnosed with renal artery thrombosis and hematuria. Overall, patients with MIS-C did not have a higher prevalence of hemorrhage (2.1% versus 2.6%, p-value: 0.8) or thrombosis (1.7% versus 1.3%, p-value 0.2) compared to patients with primary SARS-CoV-2 infection. 
The hematologic and coagulation laboratory parameters (WBC, hemoglobin, platelet count, WBC differential, INR, PTT, D-Dimer, fibrinogen, ferritin, and CRP) were collected but could not be linked by time with the clinical hematologic event (thrombosis/hemorrhage) (supplementary Tables 1 and 2). 

 Discussion 
This study describes the clinical spectrum of hematologic complications in a large cohort of hospitalized children with SARS-CoV-2 infection or MIS-C.  Hematologic complications primarily occurred in children with underlying comorbidities and were observed at markedly lower rates compared to those reported for adults with COVID-19. (7) No deaths were attributed to thrombosis or hemorrhage. For children with primary SARS-CoV-2 infection, thrombosis was more common for those with CHD or a CVC, whereas for MIS-C patients, thrombosis was more likely in obese children and those diagnosed with cytokine storm.  Children with primary SARS-CoV-2 infection were more likely to experience bleeding if older than 10 years upon admission or if they had an underlying CVC.   For children with MIS-C, hemorrhage was more likely in those with thrombocytopenia and concurrent malignancy or those diagnosed with cytokine storm.  

Thrombosis is reported in 20% of hospitalized adults with SARS-CoV-2 infection and is associated with increased morbidity and mortality. (25) The reason for the mild disease course in children with fewer thrombotic complications is unclear but may relate to differences in the immunologic response to SARSCoV-2 infection and due to differences in thrombosis risk factors (e.g., age, cardiovascular disease, smoking etc.) between children and adults. (25-28) Ongoing research evaluating the individual patient factors, laboratory parameters and viscoelastic results are essential to comprehensively define the risk of thrombosis in children with MIS-C and SARS-CoV-2 infection.  

The current report indicates a higher prevalence of thrombosis in hospitalized children with SARS-CoV-2 or MIS-C when compared to hospitalized children without SARS-CoV-2 infection (1.7% versus 0.5% thrombosis rate reported previously in hospitalized children). (14, 29, 30) The majority of children who developed thrombosis in the current study had multiple concurrent pro-thrombotic risk factors, which potentially had an additive effect on thrombus predisposition.  Congenital heart disease was more common in children with primary SARS-CoV-2 and thrombosis. It is a recognized prothrombotic condition unique to children given venous stasis, hemostasis dysregulation, immobilization, and frequent use of CVCs. (31, 32) Pediatric patients with CHD are prone to develop severe respiratory illness with SARS-CoV-2 infection, but no published reports exist on thrombus predisposition. (32)   CVCs’ were identified as another pro-thrombotic factor in children with SARS-CoV-2 infection and are one of the commonest pro-thrombotic factors in critically ill-hospitalized children due to vessel irritation with release of prothrombotic tissue factor.  (33) 

Children with MIS-C and thrombosis had a high prevalence of obesity as a pro-thrombotic condition, co-occurring with additional factors (systemic infection, low cardiac output, and thrombophilia) that predispose to thrombosis. (Table 2) It is well recognized as a prothrombotic risk factor across all age groups. (34) Hospitalized adults with obesity are noted to have severe COVID-19 disease with a high risk of thrombosis and mortality. (35) However, the impact  of SARS-CoV-2 infection on modifying thrombus risk in children with well recognized pro thrombotic comorbidities (such as CVC, CHD and/or obesity) remains undetermined.  
Autoimmunity and severe inflammation are known triggers for hemostatic abnormalities in SARS-CoV-2 infection. These contribute to the markedly increased thrombosis risk in adults due to release of prothrombotic inflammatory cytokines. (36-39) The higher rate of clinical hematologic manifestations in children with cytokine storm in the current study (25% of those with thrombosis and 17% with hemorrhage) may be due to the profound inflammation which leads to dysregulation in hemostasis and worsen the thrombosis and/or bleeding manifestations in children with pre-existing comorbidities. (40)  However, understanding of the complete spectrum of immune dysregulation and its downstream effects on hemostasis in pediatric COVID-19 and MIS-C patients remains incomplete at this time. This information is also crucial in determining the children with SARS-CoV-2 or MIS-C most likely to benefit from thromboprophylaxis.  
 
Hemorrhage occurred in 2% of children overall and was graded as severe in half of the cases. The rate of hemorrhage and its severity is in alignment with previously reported pediatric literature on SARS-CoV-2 infection and MIS-C. (15) Adult COVID-19 inpatients are reported to have a similar rate of hemorrhagic episodes (2.8%), linked with increased mortality at 28 days. (41) Previous data on hemorrhage in pediatric SARS-CoV-2 patients has indicated no correlation of hemorrhage with mortality and the current study affirms this observation. (42, 43)  

Hemorrhage occurred more frequently in patients with pro-hemorrhagic comorbidities 
(thrombocytopenia, older age, presence of CVC, cytokine storm). Older age has been identified as a risk factor for gastrointestinal hemorrhage in children, potentially due to increase in comorbid illnesses with age. (22) Children with hemorrhage were also more likely to have a CVC which has been reported as a factor associated with hemorrhage in previous literature. It possibly reflects the overall disease severity and multiple co-occurring pro-hemorrhagic conditions (thrombocytopenia and systemic infection) in children who developed hemorrhage in current study. A sizable number of patients received anticoagulation, but the hemorrhage severity did not differ between patients on anticoagulation compared to those who were not.   

Hence, the role of SARS-CoV-2 infection in affecting the severity or incidence of hemorrhage is currently unclear. The profound dysregulation of hemostasis associated with inflammation and cytokine storm associated with COVID-19 or MIS-C may contribute to the frequency and/or severity of bleeding among children with pre-existing hemorrhagic risk factors such as thrombocytopenia, sepsis, and bleeding disorders.  

The distribution of pro-hemorrhagic and pro-thrombotic risk factors differed between children with primary SARS-CoV-2 infection and MIS-C. This is an interesting observation with an unclear identified cause. Potential factors include differences in the mechanisms that lead to coagulopathy in these two conditions and their interplay with the patient’s unique clinical profile.  
This study is unique as it describes hematologic complications of a large, diverse cohort of pediatric inpatients with SARS-Cov-2 infection. The main limitations include its retrospective design and missing patient data. It was not possible to link the time of the laboratory results with clinical events (hemorrhage/thrombosis) and hence could not be interpreted conclusively. Information on the rationale, dose and duration of anticoagulation agents was not consistently recorded. Obesity was not defined based on accepted BMI definitions which may have led to its under-representation in this study as a co-morbidity. Cytokine storm occurring with SARS-CoV-2 infection or MIS-C was a challenging diagnosis in the absence of pediatric specific diagnostic criteria. The event rate for hemorrhage and thrombosis was low in the current study, which led to inability in performing regression analyses and provided uncertainty in the results of comparative statistics. 

In conclusion, the dysregulation of hemostasis in hospitalized children with SARS-CoV-2 and MIS-C is more likely to occur among those with underlying comorbid conditions. The rates of thromboses are markedly lower than adults with no observed correlation to prognosis. Ongoing research is critical to determine appropriate management of coagulopathy and thromboprophylaxis in pediatric patients, especially with the advent of variant strains of SARS-CoV-2 virus.  
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Legends

Table 1: Demographic features of hospitalized children infected with SARS-CoV-2 (N = 915)
MIS-C: multi system inflammatory syndrome, IQR: Interquartile range, ICU: Intensive care unit *Differences were significant at a p-value of <0.001.  All patients started anticoagulation after being admitted to the hospital

Table 2: Hospitalized children with SARS-CoV-2 and new thromboses
 (N = 10)
Age: Age in years upon hospital admission. CVC: Central venous catheter, LMWH: Low molecular weight heparin, UFH: unfractionated heparin; DOAC: Direct oral anticoagulants. IVIG: Intravenous immune Globulin. GI: Gastrointestinal, MOF: Multiorgan failure. $Intraventricular communication, patent ductus arteriosus, congestive heart failure, and pulmonary hypertension. 
Table 3: Hospitalized children with SARS-CoV-2 infection or MIS-C and new episodes of hemorrhage (N =16) 
Age: Age in years upon hospital admission, Severity: Determined based on WHO modified bleeding scale, MIS-C: Multisystem Inflammatory Syndrome, GI: Gastrointestinal tract. ALL: Acute Lymphoblastic leukemia, TXA: tranexamic acid, PRBCs': Packed red blood cells

Table 4. Hospitalized children with SARS-CoV-2 and both hemorrhage and thrombosis (N = 2)
GI: Gastrointestinal, RBC: red blood cells, LMWH: Low molecular weight heparin, DOAC: Direct oral anticoagulants

Table 5: The prevalence of pro-thrombotic clinical conditions in children hospitalized with SARS-CoV-2 infection or MIS-C
 CVC: Central venous catheter. ICU: Intensive care unit 
*In children with primary SARS-CoV-2, difference was significant at p-value of 0.04 between patients with thrombosis and those without thrombosis. **In children with primary SARS-CoV-2, Difference was significant at a p-value of 0.007 between children with thrombosis and no thrombosis. ***In children with MIS-C, difference was significant at a p-value of 0.002 in children with thrombosis versus no thrombus. **** In children with MIS-C, difference was significant at a p-value of 0.012 between those with thrombosis versus no thrombus. 

Table 6: The prevalence of pro-hemorrhagic risk factors among hospitalized children with SARS-CoV-2 or MIS-C. 	
CVC: Central venous catheter
 *In children with primary SARS-COV-2, difference was significant at a p-value of 0.04 between patients with hemorrhage versus no hemorrhage. **In children with primary SARS-CoV-2, difference was significant at a p-value of 0.03 between patients with hemorrhage and no hemorrhage.$ In children with MIS-C, Difference was significant at a p-value of 0.001 between patients with hemorrhage and no hemorrhage.# In children with MIS-C, difference was significant at a p-value of 0.02 between patients with hemorrhage versus no hemorrhage.

Supplementary Figure 1:  Classification of hospitalized children with SARS-CoV-2 infection
Supplementary Table 1: Comparison of hematologic laboratory parameters in children with thrombosis and SARS-CoV-2 versus no thrombosis
Supplementary table 2: Comparison of hematologic laboratory characteristics in children with hemorrhage and SARS-CoV-2 versus no hemorrhage. 
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