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Venous thromboembolism (VTE) occurs in 2.1 to up to 50% of children with cancer and contributes to long term morbidity as well as early mortality in this population. Pediatric patients with malignancy are predisposed to VTE due to the prothrombotic nature of cancer and its associated coagulopathies as well as chemotherapeutic agents, use of central venous catheters, surgery, radiotherapy, and concomitant thrombophilia. Management of thrombosis in this population is challenging due to concomitant thrombocytopenia, associated bleeding risks, concurrent co-morbidities, and toxicities of therapy. The aim of this paper is to highlight clinically relevant issues and management dilemmas using clinical vignettes. We review the clinical significance of asymptomatic and symptomatic thrombosis, examine the various options for asparaginase-associated thrombosis, address the role and controversies of direct oral anticoagulants, and describe our approach to managing anticoagulation therapy in the context of chemotherapy-induced thrombocytopenia.
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INTRODUCTION

Thrombotic complications are well-recognized in children with cancer and can lead to significant morbidity (1–3) and reduced survival (4–6). The incidence greatly exceeds that of the general pediatric population with an incidence of 2.1–16% for symptomatic thrombosis and up to 50% when including asymptomatic events (7–10). The reported cumulative incidence of life-threatening venous thromboembolism (VTE) is ~0.36% (8, 11). Clinically significant or life-threatening thrombosis in this fragile population may lead to acute interventions, undue stress on families, and increased resource utilization such as more and lengthier hospitalizations, additional use of radiologic resources, and multidisciplinary expertise from thrombosis, vascular surgeons, intensive care unit teams, as well as several pediatric subspecialists. VTE can also affect the trajectory of oncologic treatment and may lead to delayed surgery and modifications in the therapy plan, which can impact the overall outcome (6, 12).

The pathophysiology of cancer associated thrombosis (CAT) is not fully understood, however, cancer can directly affect the components of Virchow's triad. Cancer is thought to induce a prothrombotic state through direct activation of platelets and endothelial damage. Additionally, exposure of tissue factor from the subendothelial layer as well as its presence on circulating tumor microparticles, may also play a significant role in development of thrombosis (13). Studies have reported alterations in the hemostatic balance of children with cancer, such as elevation of von Willebrand Factor antigen, factor VIII, and increased thrombin generation. Reductions in natural anticoagulants such as protein C has also been documented in patients with acute lymphoblastic leukemia (14). Mass effect from solid tumors causing stasis of blood flow may also contribute to thrombosis in this population (15).

The etiology and risk factors contributing to development of VTE in children with cancer is thought to be multifactorial, contingent on the type of cancer, its burden, and location (Figure 1) (8, 11). In a population cohort study in Canada, conducted by Pelland-Marcotte et al. (8), patients with leukemia were found to have the highest incidence of symptomatic thrombosis (5.6%), followed by lymphoma (4.4%), extracranial tumors (3.7%), and brain tumors (1.0%). Other risk factors documented in the literature include patient related factors such as older age, BMI, blood type O group, and underlying thrombophilia as well as treatment related risk factors such as chemotherapeutic agents and central venous lines (CVLs) (8, 11). Therapy implicated in cancer include asparaginase in patients with hematologic malignancies and platinum agents in patients with solid tumors; anthracyclines have been associated with both populations (8).
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FIGURE 1. Risk factors for cancer associated thrombosis.


Most children with cancer who develop symptomatic thrombosis receive medical intervention (8), however, there are a variety of challenges that can occur in this population due to concurrent morbidities secondary to malignancy or toxicities of therapy. Children with cancer acquire an increased risk of bleeding because of chemotherapy or malignancy induced thrombocytopenia, hypervascularization of tumors, proximity of tumors to vascular structures, hyperleukocytosis, coagulopathy associated with malignancy, infections, chemotherapy, typhlitis, and vitamin K deficiency from poor nutritional status. The use of anticoagulants and management of bleeding risk should be addressed in every child. Additionally, the paucity of guidelines for prevention and treatment of childhood associated thrombosis can lead to lack of clarity in terms of management and variability in approach to treatment.

This paper aims to highlight some key clinically relevant issues in pediatric cancer associated thrombosis (CAT) and management dilemmas using clinical vignettes with some practical recommendations that can be considered in your approach to treatment despite the lack of randomized clinical trials to support treatment plans.



CLINICAL CASE 1

A 13-year-old female diagnosed with Ewing Sarcoma develops a right femoral DVT associated with post-operative immobility. She has just received a cycle of chemotherapy and her currently platelet count is 175. The patient is needle averse and asks if there is an oral alternative.

The primary issues we will address for this case include the following: (1) what oral anticoagulation options are available? (2) who would be eligible for DOACs? (3) what is the optimal duration of treatment, and (4) does this patient require long term anticoagulation?

Traditionally, unfractionated heparin (UFH) and low molecular weight heparin (LMWH) have been the standard of care in pediatric oncology patients, in the absence of contraindications. Oral anticoagulants such as warfarin were typically avoided due multiple food and drug interactions (16). However, with the evolution newer direct oral anticoagulants (DOACs) and the recent clinical trial outcomes, oral therapeutic anticoagulation options are expanding rapidly and will continue to evolve (17–20). DOACs may overcome some limitations of standard anticoagulation such as needle phobias and routine monitoring (16). After undergoing phase 3 clinical trials, Rivaroxaban, a direct factor Xa inhibitor and Dabigatran, a direct thrombin inhibitor, are the only DOACs approved in pediatrics in Canada and the USA, respectively. Alternate DOACs are currently under investigation through the Edoxaban Hokusai VTE PEDIATRICS study, which is a phase 3 clinical trial, and as part of the Children's Oncology Group ACCL1333 study, whereby apixaban is being trialed as prophylactic anticoagulation for induction therapy in patients with acute lymphoblastic leukemia (ALL) (21).

The EINSTEIN-Jr and DIVERSITY clinical trials were sizable studies that showed non-inferiority of rivaroxaban and dabigatran, respectively, to the standard of care antithrombotic medications (UFH and LWMH) in the pediatric population (20, 22). The EINSTEIN-Jr trial studied 520 pediatric patients, 335 who were randomized to the rivaroxaban arm; 50% of the population had non-catheter, non-CNS related venous thromboembolisms while 25% had CVL-associated VTEs. Rivaroxaban showed significant improvement in clot resolution on repeat imaging (p = 0.01), low risk of recurrence of thrombosis and similar rates of clinically relevant bleeding, compared to the standard of care (23). The DIVERSITY trial enrolled 328 children, 66% of whom were assigned to the Dabigatran group. Thrombus resolution and recurrence were similar in the dabigatran and standard of care groups. Bleeding events were similar in both groups with 24 vs. 22% in the standard of care vs. Dabigatran groups, respectively (18).

Both clinical trials examined DOAC safety and efficacy in a diversity of patients, some of whom had oncologic diagnoses. Of the 520 children in the EINSTEIN-JR trial, 10–12% had oncologic diagnoses; 25 patients with malignant hematologic disease and 15 patients with solid tumors received rivaroxaban therapy (23, 24). Eleven percent of the population in the DIVERSITY trial had either an active or past medical history of cancer (18). The above data does suggest that DOACs are potentially efficacious for the treatment of pediatric CAT. However, it should be noted that further sub-group analysis within the oncology population was not completed and the number of cancer patients within these studies was small. Additionally, the DIVERSITY trial also excluded patients who received asparaginase and peg-asparaginase within 1 and 2 weeks, respectively, of administration (18).

Both dabigatran and rivaroxaban offers bodyweight-adjusted anticoagulation treatments with usable formulations for the pediatric population. At present there is no data to support the up-front use of DOACs at diagnosis as both EINSTEIN-Jr and DIVERSITY trials started the DOAC after a minimum of 5 days of standard of care anticoagulant with either UFH or LMWH (17, 18, 20). Additionally, while DOACs show promise in the pediatric population, co-morbidities associated with cancer can impact the ability to absorb, metabolize, or excrete the drug effectively. This may limit their use in this population and result in careful selection of oncology patients for eligibility for use (Table 1).


Table 1. Considerations for DOAC use.
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Individuals with cancer may endure severe chemotherapy induced nausea and vomiting as well as anorexia leading to impaired absorption of oral medication and possible limitations in bioavailability of the medication. Additionally, children with cancer may have concurrent renal or hepatic insufficiencies secondary to location of the primary tumor, metastasis, or due to toxicities of therapy. Lastly, various anti-cancer agents as well as supportive care agents can significantly affect the cytochrome P450 and P-glycoprotein pathways which are used in their metabolism (25).


How We Would Treat This Patient

This patient had a symptomatic DVT secondary to immobilization with an underlying cancer disorder. Precluding any contraindications to anticoagulation, we would start with LMWH as there is no evidence available that supports up front DOAC use. Like the EINSTEIN-Jr and DIVERSITY trials, it would be prudent to check a CBC, coagulation studies, renal function tests, bilirubin, and transaminases as we would avoid DOAC use in patients with an estimated GFR of <30 mL/min/1.73 m2, hepatic disease (ALT 5 × upper limit of normal; bilirubin > 2 × the upper limit of normal), thrombocytopenia (platelet count <50,000), and coagulopathy (18, 24). Additionally, we would check for use of strong inducers and inhibitors of cytochrome P450 isoenzyme 3A4 and P-glycoprotein such as voriconazole and posaconazole. If the child's laboratory values are normal and there are no other contraindications to use, we would suggest starting a weight adjusted DOAC dose at least 5–10 days after initiation of anticoagulation. No anticoagulation monitoring would be necessary thereafter. We would advise clinical assessment of bleeding and adherence at every clinic visit by the primary oncologist as well as routine monitoring of liver and renal function tests monthly for the first 3 months of therapy. Additionally, given the variance in weight a child can have during chemotherapy, it would be prudent to document a new weight monthly to ensure no dose adjustments are necessary.

Given that this thrombus was a non-catheter related DVT that was provoked, we would recommend at minimum 3 months of treatment or longer should the risk factor of immobility remain. The efficacy and safety of Rivaroxaban beyond 3 months has not been studied in the pediatric population. However, a single arm phase 3 trial assessing the safety of dabigatran for secondary prevention of VTE was conducted whereby patients were treated with dabigatran for up to 12 months (17). Of the 204 patients that participated in this trial, 5.5% had underlying hematologic malignancy and 2% had a history of solid cancer. Although there was no comparator group, Dabigatran showed similar efficacy and safety to the DIVERSITY study, demonstrating a low frequency of VTE recurrence (1.0%) as well as a low incidence of major bleeding (1.5%) (17). Therefore, if available dabigatran could be an appropriate alternative for secondary prevention or for extended duration anticoagulation therapy up to 12 months. Notably, a metanalysis conducted by Bidlingmaier et al. (26) showed a recurrence risk of 5.2% for pediatric patients on LMWH for secondary prophylaxis. The Kids-DOTT randomized clinical trial assessed the effect of a shorter duration of anticoagulation therapy on recurrence of VTE. Children who achieved partial or complete recanalization at 6 weeks were randomized to discontinue anticoagulation or to continue anticoagulation for a total duration of 3 months. Results showed that the reduced 6-week course of anticoagulation was non-inferior. However, the study had a small number of pediatric patients with cancer and therefore its clinical application within pediatric oncology may be limited (27).




CLINICAL CASE 2

A 16-year-old male diagnosed with high-risk acute lymphoblastic leukemia (ALL) is in induction chemotherapy using a Children's Oncology Group protocol. He received PEG-asparaginase 1 week prior and presented to the hospital with 2 days of headache and 1 day of blurry vision. An MRI/V of the head is completed and showed a superior sagittal vein thrombosis with extension to the cortical veins. The primary issues we will address for this case are: (1) anticoagulation options, (2) duration of therapy, (3) what to do with asparaginase post-cerebrosinus venous thrombosis (CSVT), and (4) what about primary prophylaxis?

Thrombosis occurs in up to 36% of pediatric patients with ALL, many of which occur during induction remission (28) with a median time of 107 days (4). A recent study demonstrated an increased risk among high/very high-risk leukemia patients (8.6%) vs. standard/low-risk patients (3.5%) (4). Patients with ALL are at particular risk for VTE due to multiple risk factors at diagnosis and throughout induction therapy such as endothelial damage from central venous catheter insertion, the inherent prothrombotic state associated with cancer, as well as pro-thrombotic medications that are administered together during induction therapy including asparaginase, corticosteroids, and anthracyclines (8).

Asparaginase is a chemotherapeutic agent that diminishes plasma asparagine, which leukemic cells are dependent on for proliferation (29). Pegylated asparaginase has an extended half-life, prolonging the depletion of serum asparaginase in the blood and cerebrospinal fluid (29). Notably, it creates a hemostatic imbalance as it significantly alters hepatically synthesized plasma proteins, affecting many coagulation factors and inhibitors such as antithrombin III. This hemostatic imbalance can ultimately lead to coagulopathy with hemorrhagic and thrombotic complications (30), often having a predilection for CSVT (28). Thrombotic risk is associated with increased age, due to reduced natural anticoagulants and fibrinolysis. Additionally, longer duration of asparaginase at lower doses has been correlated with an increased risk of thrombosis (28).

Thrombotic complications associated with asparaginase often lead to discontinuation and missed doses. The reported cumulative incidence of discontinuation for any reason in AALL0331 and AALL0232 patients was 12.2 ± 0.5% and 25.3 ± 0.8%, respectively (12). Stroke was the reason for discontinuation in 12 (3%) patients in AALL 0331 and 20 (4.1%) patients in AALL0232, the majority of whom did not receive Erwinia substitution. Most importantly, the study showed that discontinuation and missed doses of asparaginase results in a significantly inferior disease-free survival in this patient population (12). Current data on re-challenging pediatric patients following asparaginase-associated thrombosis on a Dana Farber Cancer Institute (DFCI) protocol resulted in recurrence in 17% of patients while on secondary prophylaxis; the recurrence was usually at the original thrombosis site (31). Alternatively, Qureshi et al. (32) report a VTE incidence of 3.2% in patients with ALL who received treatment based on the UK ALL 2003 study, during a period of asparaginase depletion with no subsequent thrombosis during asparaginase re-challenges; 34 of 59 children received secondary anticoagulant prophylaxis. A single institutional retrospective study in North India reported seven patients with CSVT on a Berlin-Frankfurt-Münster (BFM)-based protocol who tolerated asparaginase rechallenge while concomitantly using LMWH (33).

The role of primary prophylactic anticoagulation for this patient population shows promise with LMWH. The Thrombotect study was a significant prospective, randomized trial that compared LMWH prophylaxis vs. activity adjusted antithrombin vs. low dose IV heparin group as the control. Thromboprophylaxis was started on day 8 and ended on day 33 of induction chemotherapy. Outcomes showed a significantly higher VTE incidence in the control group. This was the first trial to show that prophylactic LMWH or antithrombin intervention can significantly reduce VTE, particularly in children above 6 years of age (34). Additionally, a systematic review conducted by Pelland-Marcotte et al. (35) looked at the safety and efficacy of primary thromboprophylaxis and concluded that enoxaparin was the only agent associated with a statistically significant lower odds of VTE compared with the standard of care. Furthermore, 0.7% of patients had major bleeds in this systematic review with no fatal bleeding. Various other prophylactic regimens have been trialed including low dose warfarin for maintenance of CVL patency, which concluded early due to lack of clear benefit along with the PARKAA trial, which aimed to assess the efficacy and safety of prophylactic antithrombin replacement in kids with acute lymphoblastic leukemia treated with asparaginase (35, 36).

The role of prophylactic anticoagulation remains under investigation. Data from the TropicALL study which is assessing the efficacy and safety of thromboprophylaxis with LMWH during asparaginase therapy is eagerly awaited (37). Additionally, the PREVAPIX-ALL study, which is comparing apixaban to the standard of care for prevention of venous thrombosis in pediatric patients with ALL, will provide further insight to primary prophylaxis with apixaban (38). These advances in care are important as patients with VTE have been shown to have a significantly worse overall survival and event free survival.


How We Would Treat

Anticoagulation is the mainstay of therapy for individuals with ALL and thrombosis. In this case of CSVT, anticoagulation is recommended. However, this determination is dependent on weighing the risk of bleeding and thrombus propagation. In a study conducted by Moharir et al. (39), 85/160 pediatric patients received anticoagulation for CSVT at diagnosis, 6% of whom had major anticoagulant associated ICH. Of the untreated patients, thrombus propagation occurred quite frequently (31%). While either UFH or LMWH can be utilized in this case, provider preference, presence of associated hemorrhage, resources, expertise, and bleed risk may influence the decision. We would also conduct early re-evaluation for anticoagulation associated hemorrhage with CT or MRI. In patients with difficulty achieving therapeutic targets on anticoagulation, evaluation of antithrombin III levels for determination of heparin resistance may be useful.

For long term anticoagulation, DOACs should be used with caution. Subgroup analysis of the EINSTEIN-Jr trial in the CSVT population showed low risk of clinically relevant bleeding (6.8%) and the DIVERSITY study, although not tested statistically, did not contradict the findings of the larger trial (22, 40). Importantly, both studies had small sample sizes and additional investigations may be required to further guide management. At present, the Thom-PED DOAC registry of the International Pediatric Thrombosis Network is conducting a prospective cohort study to obtain further real-world experience regarding safety and efficacy of DOACs in children, including patients with cancer. Interim analysis of 82 patients, 13% of whom had cancer, showed reduced efficacy and more bleeding than previously observed in published trials (41). Therefore, in this case, we would continue to use LMWH for a minimum of 3 months. Given the poor outcomes associated with discontinuation of asparaginase, the option to re-challenge patients with concomitant use of anticoagulation at treatment dosing in the absence of contraindications can be considered. Duration can be further guided by radiologic and symptomatic resolution.




CLINICAL CASE 3

Five-year-old male with AML undergoes routine cardiac screening prior to anthracycline chemotherapy. An incidental right subclavian vein non-occlusive thrombosis is diagnosed. His hickman remains in place despite use of tPA flushes in the past for catheter malfunction. Ultrasound reports that this is likely an acute non-occlusive thrombosis, occupying 50% of the vessel. He has had no previous symptoms such as edema, pain, or visible collaterals. He is starting his third cycle of chemotherapy and will receive an allogenic hemotopoietic stem cell transplantation in the near future. The primary issues we will address for this issue are: (1) Is there a role for anticoagulation in asymptomatic thrombosis? (2) How do we manage anticoagulation in the setting of cancer induced thrombocytopenia?

CVLs play a key role in pediatric cancer treatment as they facilitate ease of access for frequent blood draws, transfusions, parenteral nutrition, and administration of chemotherapy. Catheter related thrombosis is a leading cause of VTE in the pediatric oncology population, with an incidence ranging from 2 to 50% (9, 10). Differences in study methodology, diagnostic approach to thrombosis, chemotherapeutic agents, underlying cancer diagnosis, and inclusion of asymptomatic thrombosis may account for the variability in incidence (9). Clinical symptoms of catheter related thrombosis include edema of the affected limb, erythema, pain/tenderness, reduced range of motion, warmth, presence of collaterals, distended veins, skin discoloration, catheter malfunction, or sepsis (9). Risk factors include duration of CVL, type of CVL (PICC vs. implantable port), double lumen (vs. single), younger age at diagnosis, and left sided placement of CVLs (10, 42, 43). Complications of catheter associated thrombosis include catheter malfunction, recurrent surgeries for central line replacement, infection, chronic vascular occlusion, thrombosis recurrence, embolization, and death.

Symptomatic thrombosis is often treated with anticoagulation; however, management of asymptomatic CVL-associated thrombosis remains controversial. Asymptomatic thrombosis often occurs within a week of CVL insertion and demonstrates higher incidence with catheters that remain in place for >28 days (44). A systematic review conducted by Hansen et al. (45), reported 210 asymptomatic thrombosis of 2,318 pediatric cancer patients; these asymptomatic thromboses represented half of all VTE's diagnosed, demonstrating their frequency. Current 2018 guidelines from the American Society of Hematology suggests either anticoagulation or no anticoagulation in children with asymptomatic DVT, leaving the choice up to the provider (46). However, a recent systematic review conducted by Sharathkumar et al. (44), recommends assessment of risk of propagation based on the clinical scenario and individualizing the approach to management. In considering these guidelines, we find it important to weigh the risk of bleeding, appreciate the timing of the clot (if identifiable on imagining), persistence of risk factors, risk of recurrence, and understanding of long-term morbidities.

Current literature shows that catheter related thrombosis can lead to morbidity and possibly reduced survival in this population (1, 3, 47). Polen et al. (1) looked at the prevalence of post thrombotic syndrome (PTS) in a cohort of pediatric cancer survivors after central line removal. They found that approximately one-third of patients had symptoms consistent with PTS, most of which were mild. The most common symptoms were increased limb circumference and pain in this population. 2.7% of patients had physically and functionally significant with PTS, which was associated with history of catheter related DVT, central line occlusion, and multiple CVCs. Additionally, patients with PTS signs and symptoms had lower quality of life scores (1). Kuhle et al. (3) assessed the incidence of PTS in children with ALL who had asymptomatic VTE, but radiologic confirmation of DVT with at least 50% obstruction, and found that 50% had findings compatible with a diagnosis of PTS, indicating that asymptomatic thrombosis may result in mild, and clinically relevant long-term ramifications such as pain, risk of recurrence in future high-risk situations, or loss of future vascular access. In contrast, Albisetti et al. found that 45/114 (39.5%) of children were diagnosed radiologically with port-a-cath related DVT, 5 of whom had symptomatic VTE throughout their therapy course. They documented a lower rate of mild PTS of 5.8% in this population, although confirming that port-a-cath related DVTs, even if symptomatic can lead to PTS.


How We Would Treat

We are suggesting anticoagulation in this pediatric oncology patient with asymptomatic VTE. While there is evidence that asymptomatic thrombosis can lead to post-thrombotic syndrome, there is no evidence on the efficacy of anticoagulation and therefore it would be remiss to suggest its use for all patients. Our decision to utilize anticoagulation is individualized, and is based on bleeding risk, current prothrombotic state, chronicity of the asymptomatic thrombosis, and persistence of risk factors. This patient has catheter malfunction, which has been associated with PTS and therefore choosing to treat has potential to impact long term morbidity. Additionally, this child is due to receive more intensive therapy with hematopoietic stem cell transplant (HSCT), which alters the hemostatic balance. HSCT encourages a prothrombotic state with increased plasma TAT complexes and decreased levels of natural anticoagulants (48). The intention of starting anticoagulation would be to decrease the risk of clot progression and reduce the potential risk for PTS. While this opinion may not be shared by all, if anticoagulation is not started, we would suggest routine surveillance in this patient for detection of extension.

Management of anticoagulation in this child however may be challenging due to the significant bone marrow suppression caused by AML chemotherapy. At present there are no current guidelines regarding safe thresholds or when to transfuse patients. At our institution, we typically keep platelets above 30,000 by transfusing in the first 2 weeks of anticoagulation treatment. Subsequently, we hold anticoagulation for patients who have platelet counts below 20,000, administer half-dose for a platelet count between 20,000 and 30,000, and full dose for a platelet count above 30,000.




SUMMARY

Management of VTE in pediatric oncology patients is challenging due to the toxicities of therapy, co-morbidities, and bleeding risks. The three cases presented reflect some of the challenging scenarios that are often encountered in clinical practice, which may not have a straightforward answer. We suggest an individualized approach to management with identification of both bleeding and clotting risk factors, which can aid with decision making. When choosing not to treat, close clinical and radiological surveillance for thrombosis extension is recommended. With the advent of precision medicine, a range of multiomics studies have investigated chemotherapy and treatment related toxicity in oncology patients. Early data from adult studies suggests that there may be a strong link between genetics, microbiome, and risk of thrombosis (49–52). However, studies assessing association of genomics, microbiome and metabolome with thrombosis is pediatric cancer patients are lacking. Future studies are needed that evaluate these associations.



AUTHOR CONTRIBUTIONS

NS performed the review and wrote the manuscript. MB and KK assisted in performing the review and editing and writing the manuscript. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Polen E, Weintraub M, Stoffer C, Jaffe DH, Burger A, Revel-Vilk S. Post-thrombotic syndrome after central venous catheter removal in childhood cancer survivors: a prospective cohort study. Pediatr Blood Cancer. (2015) 62:285–90. doi: 10.1002/pbc.25302

 2. Musgrave KM, van Delft FW, Clack RM, Chalmers EA, Vora AJ, Biss TT. Cerebral venous thrombosis as a complication of treatment for acute lymphoblastic leukaemia in children and young adults. Blood. (2014) 124:585. doi: 10.1182/blood.V124.21.585.585 

 3. Kuhle S, Spavor M, Massicotte P, Halton J, Cherrick I, Dix D, et al. Prevalence of post-thrombotic syndrome following asymptomatic thrombosis in survivors of acute lymphoblastic leukemia. J Thromb Haemost. (2008) 6:589–94. doi: 10.1111/j.1538-7836.2008.02901.x

 4. Pelland-Marcotte MC, Kulkarni K, Athale UH, Pole JD, Brandão LR, Sung L. Thrombosis is associated with worse survival in children with acute lymphoblastic leukemia: a report from CYP-C. Am J Hematol. (2021) 96:796–804. doi: 10.1002/ajh.26193

 5. Forbrigger Z, Digout C, Fernandez C, Bernstein M, Kulkarni K. Significant inferior overall and event free survival in pediatric oncology patients with symptomatic vebous thrombotic events as compared to those without symptomatic thrombotic events: a populatio-based study from Maritimes, Canada. Blood. (2016) 128:393. doi: 10.1182/blood.V128.22.393.393 

 6. Forbrigger Z, Kuhle S, Brown MM, Moorehead PC, Digout C, Kulkarni K. The association of venous thromboembolism with survival in pediatric cancer patients: a population-based cohort study. Ann Hematol. (2018) 97:1903–8. doi: 10.1007/s00277-018-3371-0

 7. Lipay NV, Zmitrovich AI, Aleinikova OV. Epidemiology of venous thromboembolism in children with malignant diseases: a single-center study of the Belarusian Center for Pediatric Oncology and Hematology. Thromb Res. (2011) 128:130–4. doi: 10.1016/j.thromres.2011.03.014

 8. Pelland-Marcotte MC, Pole JD, Kulkarni K, Athale U, Stammers D, Sabapathy C, et al. Thromboembolism incidence and risk factors in children with cancer: a population-based cohort study. Thromb Haemost. (2018) 118:1646–55. doi: 10.1055/s-0038-1668543

 9. Schoot RA, van de Wetering MD, Stijnen T, Tissing WJ, Michiels E, Abbink FC, et al. Prevalence of symptomatic and asymptomatic thrombosis in pediatric oncology patients with tunneled central venous catheters. Pediatr Blood Cancer. (2016) 63:1438–44. doi: 10.1002/pbc.26036

 10. Kulkarni K, Halton J, Spavor M, Israels SJ, Abish S, Yong J, et al. Increased requirement for central venous catheter replacement in paediatric oncology patients with deep venous thrombosis: a multicentre study. Thromb Haemost. (2015) 113:434–5. doi: 10.1160/TH14-07-0626

 11. Athale U, Siciliano S, Thabane L, Pai N, Cox S, Lathia A, et al. Epidemiology and clinical risk factors predisposing to thromboembolism in children with cancer. Pediatr Blood Cancer. (2008) 51:792–7. doi: 10.1002/pbc.21734

 12. Gupta S, Wang C, Raetz EA, Schore R, Salzer WL, Larsen EC, et al. Impact of asparaginase discontinuation on outcome in childhood acute lymphoblastic leukemia: a report from the Children's Oncology Group. J Clin Oncol. (2020) 38:1897–905. doi: 10.1200/JCO.19.03024

 13. Falanga A, Russo L, Milesi V, Vignoli A. Mechanisms and risk factors of thrombosis in cancer. Crit Rev Oncol Hematol. (2017) 118:79–83. doi: 10.1016/j.critrevonc.2017.08.003

 14. Mitchell LG, Sutor AH, Andrew M. Hemostasis in childhood acute lymphoblastic leukemia: coagulopathy induced by disease and treatment. Semin Thromb Hemost. (1995) 21:390–401. doi: 10.1055/s-2007-1000660

 15. Barg A, Kenet G. Cancer-associated thrombosis in pediatric patients. Thromb Res. (2020) 191:S22–S5. doi: 10.1016/S0049-3848(20)30392-3

 16. Male C, Thom K, O'Brien SH. Direct oral anticoagulants: what will be their role in children? Thromb Res. (2019) 173:178–85. doi: 10.1016/j.thromres.2018.06.021

 17. Brandão LR, Albisetti M, Halton J, Bomgaars L, Chalmers E, Mitchell LG, et al. Safety of dabigatran etexilate for the secondary prevention of venous thromboembolism in children. Blood. (2020) 135:491–504. doi: 10.1182/blood.2019000998

 18. Halton J, Brandão LR, Luciani M, Bomgaars L, Chalmers E, Mitchell LG, et al. Dabigatran etexilate for the treatment of acute venous thromboembolism in children (DIVERSITY): a randomised, controlled, open-label, phase 2b/3, non-inferiority trial. Lancet Haematol. (2021) 8:e22–e33. doi: 10.2139/ssrn.3624247

 19. Lensing AWA, Male C, Young G, Kubitza D, Kenet G, Patricia Massicotte M, et al. Rivaroxaban versus standard anticoagulation for acute venous thromboembolism in childhood. Design of the EINSTEIN-Jr phase III study. Thromb J. (2018) 16:34. doi: 10.1186/s12959-018-0188-y

 20. Young G, Lensing AWA, Monagle P, Male C, Thelen K, Willmann S, et al. Rivaroxaban for treatment of pediatric venous thromboembolism. An Einstein-Jr phase 3 dose-exposure-response evaluation. J Thromb Haemost. (2020) 18:1672–85. doi: 10.1111/jth.14813

 21. van Ommen CH, Albisetti M, Chan AK, Estepp J, Jaffray J, Kenet G, et al. The Edoxaban Hokusai VTE PEDIATRICS Study: an open-label, multicenter, randomized study of edoxaban for pediatric venous thromboembolic disease. Res Pract Thromb Haemost. (2020) 4:886–92. doi: 10.1002/rth2.12352

 22. Brandão L, Tartakovsky I, Halton J, Bomgaars L, Chalmers E, Mitchell L, et al. Efficacy and Safety of Dabigatran in the Treatment and Secondary Prevention of Venous Thromboembolism in Children with Cerebral Venous and Sinus Thrombosis. Res Pract Thromb Haemost. (2021) 5. Available online at: https://abstracts.isth.org/abstract/efficacy-and-safety-of-dabigatran-in-the-treatment-and-secondary-prevention-of-venous-thromboembolism-in-children-with-cerebral-venous-and-sinus-thrombosis 

 23. Male C, Lensing AWA, Palumbo JS, Kumar R, Nurmeev I, Hege K, et al. Rivaroxaban compared with standard anticoagulants for the treatment of acute venous thromboembolism in children: a randomised, controlled, phase 3 trial. Lancet Haematol. (2020) 7:e18–e27. doi: 10.1016/S2352-3026(19)30219-4

 24. Monagle P, Lensing AWA, Thelen K, Martinelli I, Male C, Santamaría A, et al. Bodyweight-adjusted rivaroxaban for children with venous thromboembolism (EINSTEIN-Jr): results from three multicentre, single-arm, phase 2 studies. Lancet Haematol. (2019) 6:e500–e9. doi: 10.1016/S2352-3026(19)30161-9

 25. Mueck W, Stampfuss J, Kubitza D, Becka M. Clinical pharmacokinetic and pharmacodynamic profile of rivaroxaban. Clin Pharmacokinet. (2014) 53:1–16. doi: 10.1007/s40262-013-0100-7

 26. Bidlingmaier C, Kenet G, Kurnik K, Mathew P, Manner D, Mitchell L, et al. Safety and efficacy of low molecular weight heparins in children: a systematic review of the literature and meta-analysis of single-arm studies. Semin Thromb Hemost. (2011) 37:814–25. doi: 10.1055/s-0031-1297173

 27. Goldenberg NA, Kittelson JM, Abshire TC, Bonaca M, Casella JF, Dale RA, et al. Effect of anticoagulant therapy for 6 weeks vs 3 months on recurrence and bleeding events in patients younger than 21 years of age with provoked venous thromboembolism: the kids-DOTT randomized clinical trial. JAMA. (2022) 327:129–37. doi: 10.1001/jama.2021.23182

 28. Caruso V, Iacoviello L, Di Castelnuovo A, Storti S, Mariani G, de Gaetano G, et al. Thrombotic complications in childhood acute lymphoblastic leukemia: a meta-analysis of 17 prospective studies comprising 1752 pediatric patients. Blood. (2006) 108:2216–22. doi: 10.1182/blood-2006-04-015511

 29. Heo YA, Syed YY, Keam SJ. Pegaspargase: a review in acute lymphoblastic leukaemia. Drugs. (2019) 79:767–77. doi: 10.1007/s40265-019-01120-1

 30. Bezeaud A, Drouet L, Leverger G, Griffin JH, Guillin MC. Effect of L-asparaginase therapy for acute lymphoblastic leukemia on plasma vitamin K-dependent coagulation factors and inhibitors. J Pediatr. (1986) 108(5 Pt 1):698–701. doi: 10.1016/S0022-3476(86)81044-7

 31. Grace RF, Dahlberg SE, Neuberg D, Sallan SE, Connors JM, Neufeld EJ, et al. The frequency and management of asparaginase-related thrombosis in paediatric and adult patients with acute lymphoblastic leukaemia treated on Dana-Farber Cancer Institute consortium protocols. Br J Haematol. (2011) 152:452–9. doi: 10.1111/j.1365-2141.2010.08524.x

 32. Qureshi A, Mitchell C, Richards S, Vora A, Goulden N. Asparaginase-related venous thrombosis in UKALL 2003- re-exposure to asparaginase is feasible and safe. Br J Haematol. (2010) 149:410–3. doi: 10.1111/j.1365-2141.2010.08132.x

 33. Malhotra P, Jain S, Kapoor G. Symptomatic cerebral sinovenous thrombosis associated with L-asparaginase in children with acute lymphoblastic leukemia: a single institution experience over 17 years. J Pediatr Hematol Oncol. (2018) 40:e450–e3. doi: 10.1097/MPH.0000000000001127

 34. Greiner J, Schrappe M, Claviez A, Zimmermann M, Niemeyer C, Kolb R, et al. THROMBOTECT - a randomized study comparing low molecular weight heparin, antithrombin and unfractionated heparin for thromboprophylaxis during induction therapy of acute lymphoblastic leukemia in children and adolescents. Haematologica. (2019) 104:756–65. doi: 10.3324/haematol.2018.194175

 35. Pelland-Marcotte MC, Tole S, Pechlivanoglou P, Brandão LR. Effectiveness and safety of primary thromboprophylaxis in children with cancer: a systematic review of the literature and network meta-analysis. Thromb Haemost. (2019) 119:2034–42. doi: 10.1055/s-0039-1697027

 36. Mitchell L, Andrew M, Hanna K, Abshire T, Halton J, Wu J, et al. Trend to efficacy and safety using antithrombin concentrate in prevention of thrombosis in children receiving l-asparaginase for acute lymphoblastic leukemia. Results of the PAARKA study. Thromb Haemost. (2003) 90:235–44. doi: 10.1160/TH02-11-0283

 37. Klaassen ILM, Lauw MN, van de Wetering MD, Biemond BJ, Middeldorp S, Abbink FCH, et al. TropicALL study: Thromboprophylaxis in Children treated for Acute Lymphoblastic Leukemia with Low-molecular-weight heparin: a multicenter randomized controlled trial. BMC Pediatr. (2017) 17:122. doi: 10.1186/s12887-017-0877-x

 38. O'Brien SH, Li D, Mitchell LG, Hess T, Zee P, Yee DL, et al. PREVAPIX-ALL: apixaban compared to standard of care for prevention of venous thrombosis in paediatric acute lymphoblastic leukaemia (ALL)-rationale and design. Thromb Haemost. (2019) 119:844–53. doi: 10.1055/s-0039-1679938

 39. Moharir MD, Shroff M, Stephens D, Pontigon AM, Chan A, MacGregor D, et al. Anticoagulants in pediatric cerebral sinovenous thrombosis: a safety and outcome study. Ann Neurol. (2010) 67:590–9. doi: 10.1002/ana.21936

 40. Connor P, Sánchez van Kammen M, Lensing AWA, Chalmers E, Kállay K, Hege K, et al. Safety and efficacy of rivaroxaban in pediatric cerebral venous thrombosis (EINSTEIN-Jr CVT). Blood Adv. (2020) 4:6250–8. doi: 10.1182/bloodadvances.2020003244

 41. Holzhauer S, Male C, Monagle P, Bordbar M, van Ommen H, Raffini LJ. Poster 1063 Validating Direct Oral Anticoagulants (DOAC) for Use in Children By the Throm-PED DOAC Registry of the International Pediatric Thrombosis Network. In: ASH Annual Meeting and Exposition. Washington, DC (2021). 

 42. Albisetti M, Kellenberger CJ, Bergsträsser E, Niggli F, Kroiss S, Rizzi M, et al. Port-a-cath-related thrombosis and postthrombotic syndrome in pediatric oncology patients. J Pediatr. (2013) 163:1340–6. doi: 10.1016/j.jpeds.2013.06.076

 43. Geerts W. Central venous catheter-related thrombosis. Hematol Am Soc Hematol Educ Program. (2014) 2014:306–11. doi: 10.1182/asheducation-2014.1.306

 44. Sharathkumar AA, Biss T, Kulkarni K, Ahuja S, Regan M, Male C, et al. Epidemiology and outcomes of clinically unsuspected venous thromboembolism in children: a systematic review. J Thromb Haemost. (2020) 18:1100–12. doi: 10.1111/jth.14739

 45. Hansen RS, Nybo M, Hvas AM. Venous thromboembolism in pediatric cancer patients with central venous catheter-A systematic review and meta-analysis. Semin Thromb Hemost. (2021) 47:920–30. doi: 10.1055/s-0041-1729886

 46. Monagle P, Cuello CA, Augustine C, Bonduel M, Brandão LR, Capman T, et al. American Society of Hematology 2018 Guidelines for management of venous thromboembolism: treatment of pediatric venous thromboembolism. Blood Adv. (2018) 2:3292–316. doi: 10.1182/bloodadvances.2018024786

 47. Forbrigger Z, Kulkarni K. Use of tissue plasminogen activator as a surrogate measure for central venous catheter dysfunction and survival outcome in children with cancer: a population-based retrospective cohort study. Pediatr Hematol Oncol. (2020) 37:554–60. doi: 10.1080/08880018.2020.1762810

 48. Brandão LR, Kletzel M, Boulad F, Kurtzberg J, Maloney K, Fligman I, et al. A prospective longitudinal multicenter study of coagulation in pediatric patients undergoing allogeneic stem cell transplantation. Pediatr Blood Cancer. (2008) 50:1240–6. doi: 10.1002/pbc.21473

 49. Hasan RA, Koh AY, Zia A. The gut microbiome and thromboembolism. Thromb Res. (2020) 189:77–87. doi: 10.1016/j.thromres.2020.03.003

 50. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, et al. Gut microbial metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell. (2016) 165:111–24. doi: 10.1016/j.cell.2016.02.011

 51. Wertman JN, Dunn KA, Kulkarni K. The impact of the host intestinal microbiome on carcinogenesis and the response to chemotherapy. Future Oncol. (2021) 17:4371–87. doi: 10.2217/fon-2021-0087

 52. Dunn KA, Forbrigger Z, Connors J, Rahman M, Cohen A, Van Limbergen J, et al. Gut bacterial gene changes following pegaspargase treatment in pediatric patients with acute lymphoblastic leukemia. Leuk Lymphoma. (2021) 62:3244–55. doi: 10.1080/10428194.2021.1953006

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Samji, Bhatt and Kulkarni. 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/xhtml/Nav.xhtml




Contents





		Cover



		Challenges in Management of VTE in Children With Cancer: Risk Factors and Treatment Options



		Introduction



		Clinical Case 1



		How We Would Treat This Patient







		Clinical Case 2



		How We Would Treat







		Clinical Case 3



		How We Would Treat







		Summary



		Author Contributions



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Pediatrics

Challenges in Management of VTE in
Children With Cancer: Risk Factors
and Treatment Options





OPS/images/fped-10-855162-g001.gif





OPS/images/fped-10-855162-t001.jpg
Considerations prior to DOAC use in pediatric oncology patients

Frequency of interventions (e.g., Lumbar puncture)
Bleeding risk
Anticipated duration of thrombocytopenia/anemia

Patient preference
Availabilty of appropriate oral suspension/solution

Proximity to asparaginase use

Location of thrombus (e.g., CSVT)

Concornitant use of strong CYP P450 and P-glycoprotein inducers or inhibitors
Anorexialintolerance to oral medications

Severe chemotherapy induced nausea and vomiting









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





