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This review focuses on significant advances in the field
of pediatric hemostasis and thrombosis, with a focus on
published studies within the past decade. The evaluation
and management of patients with excessive bleeding
remain cornerstones of consultative hematology. We wiill
describe the development of validated bleeding assess-
ment tools relevant to pediatric practice, laboratory
advances in the evaluation of von Willebrand disease,
and a shift in clinical practice regarding the interpreta-
tion of normal coagulation studies in patients with signif-
icant bleeding phenotypes. There have also been critical
advances in the management of hemostatic disorders.
This review highlights new treatment paradigms in
hemophilia and the rise of multidisciplinary medical
homes for women living with bleeding disorders. Given
the continued increase in the incidence of thrombosis,

particularly in the hospital setting, a full call to arms
against pediatric venous thromboembolism is now essen-
tial. We will describe recently completed clinical trials of
direct oral anticoagulants in children and adolescents
and ongoing work to elucidate the appropriate duration
of therapy for children with provoked thrombosis.
Recent work regarding the prevention of pediatric
venous thromboembolism is highlighted, including stud-
ies of thromboprophylaxis and the development of risk
prediction models for hospital-acquired thrombosis.
Finally, we review advances in our understanding of
thrombotic sequelae and the need for continued refine-
ment of our evaluation tools. Despite the significant
advances in pediatric hemostasis and thrombosis over
the past decade, many unanswered questions remain for
the next generation of investigators.

Introduction

This review focuses on significant advances in the field of pedi-
atric hemostasis and thrombosis, including updates in diagnosis,
management, and prevention of disease. We focus on published
studies within the past decade and end with our hopes for
future directions in this rapidly evolving subspecialty.

Pediatric hemostatic disorders

Use of bleeding assessment tools in children and
adolescents

The assessment of bleeding symptoms in children has always
presented its own unique set of challenges. The ability to quan-
tify bleeding symptoms precisely and objectively through the
use of validated bleeding assessment tools (BATs) has been an
active area of investigation over the past 2 decades, and in
recent years, pediatric-specific data have become available. The
Pediatric Bleeding Questionnaire (PBQ) was derived from the
Molecular and Clinical Markers for the Diagnosis and Manage-
ment of Type 1 von Willebrand Disease (VWD) Bleeding Ques-
tionnaire with the addition of pediatric-specific symptoms such
as umbilical stump bleeding and cephalohematoma.’ The inclu-
sion of healthy controls allowed for the determination of the

normal PBQ score, which is =2. The PBQ has a high negative
predictive value in children undergoing investigation for VWD
and can clearly distinguish disease severity in children with dif-
ferent subtypes of VWD.? Pediatric hematologists can also use
the International Society of Thrombosis and Haemostasis (ISTH)
BAT, published in 2010, to provide a standardized method of
reporting bleeding symptoms in adults and children. Like the
PBQ, the normal range of ISTH-BAT is O to 2 in patients <18
years of age.® Recently, attention has focused on self-
administered BATs, which allow more seamless incorporation
into busy clinical settings. A “Self-ISTH-BAT” and a “Self-PBQ"
have both been validated.®* These instruments demonstrate
strong agreement with expert-administered versions and strong
negative predictive values for VWD. A modified Self-PBQ has
been developed that can be completed by 8- to 12-year-old
children, with or without adult assistance.”

More work is needed to determine the normal bleeding score
for adolescent females, who have typically experienced menar-
che but not yet experienced childbirth or the more frequent sur-
gical challenges of adulthood. PBQ scores in children affected
with VWD increase with age, from a median score of 4 in
patients O to 3 years of age to 12 in patients 16 to 18 years of

age.? One recent study demonstrated that in adolescents
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presenting to a multidisciplinary hematology clinic with heavy
menstrual bleeding (HMB), an ISTH-BAT score of >4 instead of
the established cutoff of >2 in children was highly specific in
predicting an underlying bleeding disorder.®

Advances in the laboratory evaluation of VWD

In recent years, new assays have become available that enhance
the ability to evaluate both children and adults with suspected
VWD.” Traditionally, von Willebrand factor (VWF) activity has
been measured by ristocetin-based assays, which unfortunately
has several limitations and is prone to both false-positive and
false-negative results. The VWF:GPIbM assay introduces gain-of-
function mutations into the platelet glycoprotein GPlba, allowing
it to bind VWF spontaneously in vitro without requiring ristoce-
tin.% The VWF:GPIbM allows higher precision, with a reported
lower limit of detection of 2 IU/dL and a coefficient of variation
of 5.6%.” The availability of this assay is still limited in the United
States and other regions. Hopefully, the availability of this assay
will continue to increase, allowing for more diagnostic precision
in VWD.

VWF also binds to exposed collagen at sites of injury, which
requires specific testing. Collagen binding assays, a new addi-
tion to VWD testing algorithms, provide insight into a different
function of VWF than the traditional activity tests that assess
platelet binding. For example, in type 2M subjects, the mean
bleeding score is higher in subjects with a platelet- and a
collagen-binding defect compared with subjects with only a
platelet-binding defect.'® Finally, because of the increased avail-
ability and lower costs, genetic testing has become more widely
used in the evaluation of VWD.” At this time, testing is most
helpful in cases where a type 2 variant is suspected. A high per-
centage of patients with type 1 VWD do not have a specific
VWEF genetic variant; more work is needed to determine which
identified novel variants in type 1 are actually pathogenic. Sev-
eral genes outside the VWF locus have also been implicated in
altering VWF levels, because of their effects on VWF clearance
and endothelial cell exocytosis. ABO blood group has been the
most well characterized of these modifier genes, but others that
have been well studied include CLEC4M, STXBP5, and
STAB2.

The well-known variability in VWD test results caused by proc-
essing problems,'? patient's stress, illness, or estrogen exposure
has led to the clinical adage that tests should be performed 3
times before the diagnosis is formally ruled out. Although this
practice may be even more relevant in pediatric patients,
because of the high levels of stress surrounding venipuncture,
for the same reason, it can be more burdensome and impracti-
cal for young children to undergo repeated testing. A large ret-
rospective series by Doshi et al has finally provided evidence to
inform this long-held clinical teaching.”® In >800 pediatric
patients evaluated for a suspected bleeding disorder, 22% were
diagnosed with VWD, with ~70% diagnosed on the first test.
A cutoff of 100 IU/dL for VWF antigen or activity on the first test
yielded negative predictive values >95%. Based on these find-
ings, providers can be confident that patients with initial VWF
levels >100 IU/dL and a negative family history of VWD likely
do not need repeated tests to rule out the diagnosis of VWD.
However, additional bleeding diagnoses may have to be
explored depending on the patient’s bleeding phenotype.
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Regardless of whether traditional or novel assays are being used
to evaluate VWD, it remains essential to use assays that allow
for onsite processing when possible. A recent study of adoles-
cent and adult women confirmed the long-held clinical suspicion
that VWD testing at off-site, non-hospital-based laboratories
may lead to false-positive results. These investigators found that
higher proportions of patients demonstrated low VWF:Ag,
VWEF:RCo, and FVIII levels with offsite processing compared with
levels demonstrated onsite."?

A shift in interpretation of “normal” laboratory
test results in pediatric patients with a

bleeding phenotype

Another recent shift in clinical practice has been in the interpre-
tation of normal results of routine hemostatic assays in patients
with positive bleeding phenotypes. Traditionally, such patients
were discharged from care by hematologists because of an
unremarkable laboratory evaluation, but today's approach has
become more nuanced. In particular, 3 disease states are
increasingly included in the population of patients living with
bleeding disorders and/or phenotypes: (1) women with hemo-
philia, (2) patients with bleeding tendency related to generalized
joint hypermobility, and (3) patients with bleeding of unknown
cause.

There are an estimated 1.5 female carriers for every male with
hemophilia. Approximately one-third of women with hemophilia
have low factor (F) levels, generally in the range of men with
mild hemophilia."* In recent years, it has come to light that
women and girls with hemophilia, even those with normal FVIII
or FIX levels, have increased bleeding scores compared with the
general female population.’™ However, the severity of bleeding
correlates only weakly with factor levels. Hemarthroses affects
4% to 19% of carriers, and subclinical joint bleeding can also
oceur.’®?° The My Life, Our Future initiative, which provided
genetic testing to thousands of patients and potential carriers,”’
and increasing clinical genetic testing availability, has helped
increase the number of identified girls and women with hemo-
philia. However, much remains to be leamed regarding natural
history and optimal management for these patients.

Another population receiving increasing attention are those with
bleeding tendencies due to joint hypermobility spectrum disor-
ders (JHSDs). Patients with JHSD may bleed for various reasons,
including mechanical weakness of blood vessel walls, defective
subendothelial connective tissue supporting these blood vessels,
and impaired interactions between platelets, VWF, and colla-
gen.?? Hematologists should have basic familiarity with the
updated 2017 diagnostic criteria for hypermobile Ehlers-Danlos
syndrome and other hypermobility spectrum disorders to
improve JHSD's recognition in the evaluation of easy bruising
and bleeding.? Although patients with JHSD may have platelet
function defects or prolonged bleeding times, these findings are
not consistent, and many have normal results in a hemostatic
evaluation. Recent case series in pediatrics have (1) highlighted
the complexity of managing heavy menses in adolescents with
hypermobility?* and (2) suggested that coexistent hypermobility
among children and adults with VWD increases the severity of
bleeding.®
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Finally, there is increasing use in the hematology community of
bleeding of unknown cause as a diagnosis for patients with
unusual bleeding phenotypes and elevated BAT scores but a
lack of abnormalities in clinically available laboratory assays.
Such patients encompass a substantial percentage of patients
with mild-to-moderate bleeding tendencies.?® Studies in which
such patients undergo extensive specialized testing suggest vari-
ous causes for their bleeding, including increased fibrinolytic
activity, decreased thrombin generation, and impaired plasma
clot formation or lysis.2¢?’

Therapeutic considerations for inherited bleeding
disorders in pediatric patients

Treatment advances in the field of hemophilia have been truly
astounding in the past decade, with the advent of long-acting
factor products and new bypass products for adults and children
and the first studies of gene therapy (limited to adults at this
time). Methods used to create extended half-life factor products
include PEGylation, fusion with protein conjugates, and protein
structure or sequence modifications.?® In previously treated
adult and pediatric populations, phase 3 clinical trials have dem-
onstrated a decrease in the necessary infusion frequency com-
pared with standard half-life products. However, the half-life
extension has been much more impressive in the FIX products.?’
Initial results of PUPs A-LONG, the first study of the extended
half-life recombinant FVIII Fc fusion protein in previously
untreated males <6 years old, demonstrated safety, efficacy,
and a prevalence of inhibitor development within the expected
range.*°

Although extended half-life products have improved the treat-
ment landscape for hemophilia, the development of emicizumab
has significantly impacted the experience of children and ado-
lescents living with hemophilia. This humanized bispecific mono-
clonal antibody offers subcutaneous administration advantages
and a long half-life (~30 days).?® HAVEN2, a phase 3 study of
emicizumab in children <12 years of age with severe hemophilia
and inhibitors, demonstrated a 99% reduction in annualized
bleeding rates compared with prior bypassing agent prophy-
laxis.®' A recently published study examined long-term out-
comes of emicizumab prophylaxis for hemophilia A, with and
without inhibitors from the HAVEN 1-4 studies, in which 32.9%
of the 401 participants were <18 years of age.® Across a
median efficacy time frame of 120 weeks, low annual bleeding
rates were maintained, bleeding into target joints decreased
substantially, and no new target joints formed. The risk of inhibi-
tor development is also much lower with emicizumab, although
recent reports of inhibitor formation have emerged.®* Unan-
swered questions remain regarding these emerging therapies in
hemophilia, including (1) risk of inhibitor development in previ-
ously untreated patients in whom emicizumab vs factor replace-
ment is initiated as the primary prophylaxis; (2) long-term risk of
thrombosis with use of emicizumab, especially during com-
bination therapy for breakthrough bleeding; and (3) whether
emicizumab can be combined safely with immune tolerance
induction.®*

The first recombinant VWF product was also introduced in the
past decade, providing a new treatment option for adults with
VWD. A pediatric study of the efficacy, safety, and pharmaco-
kinetics of recombinant VWF, which allows providers to
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administer doses of VWF and FVIII independently, is currently
enrolling participants.

Rapid expansion of multidisciplinary care for
young women with bleeding disorders

Although there have not been groundbreaking therapeutic
developments in the management of reproductive bleeding,
there has been a substantial shift in the evaluation and care of
women with suspected or diagnosed bleeding disorders, with
pediatric hematologists leading the charge. Multidisciplinary
clinics with expertise in hematology, adolescent medicine, and
gynecology allow for more rapid diagnoses of bleeding diathe-
ses and treatment of HMB.3®> In 2013, the Foundation for
Women and Girls with Blood Disorders established a formal net-
work of clinics devoted to the care of women and girls with
bleeding disorders, which has now grown to 61 institutions in
the United States, Canada, and the Netherlands.®®

The establishment of this new career niche within hematology is
also leading to collaborative research efforts. A recent multicen-
ter observational cohort study included adolescents (n = 113)
with HMB (Pictorial Blood Assessment Chart score >100) and
low VWF (2 values of VWF activity 30-50 IU/dL). A large majority
(94%) of participants had an abnormal BAT and a high percent-
age of HMB complications (60% iron deficiency, 21% anemia,
12% transfusion, and 10% hospitalization).3” Ongoing genotypic
analysis in this same cohort reveals that approximately one-third
of these young women have VWF gene variants. Gene variants
in hemostasis, platelet biology, and vascular integrity may also
contribute to the variation in bleeding severity.*® An ongoing
multicenter crossover clinical trial of adolescent and adult
females with mild-to-moderate VWD and HMB will compare
menstrual blood loss with recombinant VWF compared with
tranexamic acid (registered on https:/clinicaltrials.gov as
NCT02606045).

Thrombotic disorders

Venous thromboembolism (VTE) has emerged as a significant
medical event in tertiary care pediatric hospitals. The rarity and
heterogeneity of pediatric VTE lend to difficulties in designing
and managing randomized controlled clinical trials in this set-
ting.3? As a result, pediatric VTE research has lagged; however,
the phase 3 anticoagulant (AC) era in VTE treatment and pre-
vention has now begun® (Table 1).

VTE treatment

Pharmacological treatment with ACs remains the standard-of-
care for acute VTE, along with the removal of the underlying
provoking risk factor.*! The current standard comprises unfrac-
tionated heparin  (UFH) or low-molecular-weight heparin
(LMWH), followed by LMWH or vitamin K antagonists. LMWH is
by far the most commonly reported off-label AC for pediatric
VTE.*? The use of LMWH for treatment and thromboprophylaxis
in children was primarily driven by earlier experience reported
from Canada, an important milestone in pediatric VTE manage-
ment, but the evidence to support AC in children is indirect at
best. The “epidemic of thrombosis” in pediatric hospitals
prompted the recent completion of intemnational, collaborative
phase 3 AC trials of direct oral ACs (DOACs). DOACs selectively
target thrombin (eg, dabigatran) or coagulation FXa (eg,
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apixaban, betrixaban, edoxaban, and rivaroxaban) and are
designed to be given in fixed doses without routine monitoring.

New therapeutic agents Recently, the EINSTEIN-Jr, a muilti-
center, randomized study compared rivaroxaban to standard
ACs (heparin or a vitamin K antagonist) in 500 children to treat
acute VTE of any type.** After establishing age-appropriate
dose regimens targeting adult exposures,** rivaroxaban was
shown to be similarly effective and without increased bleeding,
as compared with standard ACs. Symptomatic recurrent VTE
occurred in 4 (1.2%) of 335 children receiving rivaroxaban and 5
(3%) of 165 receiving standard AC (HR, 0.40; 95% ClI, 0.11-1.41).
Nonmajor bleeding occurred in 10 (3%) of children receiving
rivaroxaban and major and nonmajor bleeding in 3 (2%) of chil-
dren on standard AC. The study was not powered to indepen-
dently show noninferiority for the efficacy of rivaroxaban
compared with standard AC; thus, interpretation of the results
relied in part on partial extrapolation of data from adults. Chil-
dren <24 months and with catheter-associated VTE comprised
only 10% and 25% of the cohort. Despite these limitations, the
study provides critical initial evidence to inform rivaroxaban's
practical use as standard of care in children on a broad scale.
Pediatric providers who take care of young adults between the
ages of 18 to 25 years should consider using the adult approach
to rivaroxaban dosage: 15 mg twice a day for 21 days, followed
by 20 mg daily.*®

The DIVERSITY trial, a randomized, controlled, noninferiority
phase 2b/3 trial, compared standard AC with age- and weight-
adjusted oral dabigatran in 267 children with VTE randomly
assigned to the study groups in a 1:2 ratio (standard of care:
dabigatran).*® In children completing 3 months of VTE treat-
ment, dabigatran was noninferior to standard of care in efficacy,
with similar pharmacokinetics-pharmacodynamic relationships as
in adults. Similar proportions of children treated with standard of
care and dabigatran met the primary composite efficacy end
point of complete thrombus resolution, freedom from recurrent
VTE, and VTE-related mortality: 38 (42%) of 90 vs 81 (46%) of
177. The trial allowed only 1 dabigatran dose modification (up
or down titration) according to the nomogram. Therefore, if a
trough plasma dabigatran concentration of 50 to less than 250
ng/mL was not achieved after 1 dose adjustment, dabigatran
treatment was discontinued, and the patient was treated with
the standard of care AC. Seventeen (9.7%) children prematurely
discontinued treatment because they did not obtain the target
dabigatran plasma concentration, and 62 (35%) of 177 patients
assigned to dabigatran had a dose adjustment (3% were dose
reductions). Although these findings question whether dabiga-
tran can be used without monitoring, the DIVERSITY Investiga-
tors have recently shown, using an updated population PK
model enriched with data from phase 2b/3 studies of dabiga-
tran, that the final dosage algorithms are appropriate for all
dabigatran formulations (oral solution, pellets, or capsules), and
no dose ftitration is needed.*’ This, together with the efficacy
and safety of dabigatran in the pediatric VTE setting, validates
and supports the use of dabigatran for the treatment of VTE in
children.

We point out that both EINSTEIN-Jr and DIVERSITY evaluated
the use of a DOAC after at least 5 days of parenteral anticoagu-
lation. Thus, there are no data to support DOACs as initial ther-
apy immediately after VTE diagnosis in children.

UPDATES IN PEDIATRIC HEMOSTASIS AND THROMBOSIS

Duration of treatment Efficacy estimates in children of stan-
dard-of-care AC vs placebo or no treatment of acute symptom-
atic pediatric VTE are unknown. The pediatric community largely
accepts evidence from adults demonstrating that AC protects
against VTE progression, embolization, and recurrence. How-
ever, well-designed, rigorous studies are needed to provide evi-
dence where the disease pathophysiology is different, and a
proof of concept is not available. One such area is the optimal
duration of AC. Pediatric VTE typically occurs as a secondary
complication of hospitalization or underlying diseases and their
treatment. Within each provoked VTE type, the pathophysiology
and risk-benefit ratio of therapy, especially duration, varies. The
American College of Chest Physicians guidelines*® and, more
recently, the 2018 American Society of Hematology pediatric
VTE guidelines address these aspects but are limited by low
certainty in the evidence.*' The lack of evidence has now been
addressed by the recently completed Kids-DOTT trial, a National
Heart, Lung, and Blood Institute-sponsored multinational, ran-
domized controlled trial investigating the duration of anticoagu-
lation therapy following the first episode of provoked VTE.4*°

VTE treatment in special circumstances

Catheter-related VTE Anticoagulant treatment of pediatric cen-
tral venous catheter-related VTE (CVC-VTE) has not been specif-
ically evaluated. The EINSTEIN-Jr CVC-VTE, a predefined
substudy of EINSTEIN-Jr, investigated the VTE risk factor profile
of 126 pediatric patients with symptomatic or asymptomatic
CVC-VTE who received either rivaroxaban (n = 90) or standard
AC (n = 36).>" Anticoagulant therapy with either rivaroxaban or
standard AC in children after initial heparin therapy was effica-
cious (no recurrence), safe (no major bleeding), and associated
with complete or partial vein recanalization in more than 90% of
the 103 evaluable children. Results were similar for symptomatic
and asymptomatic patients and applicable to children with
symptomatic or asymptomatic CVC-VTE.

Asymptomatic VTE The management of asymptomatic throm-
bosis in a patient with a CVC has always been more controver-
sial and variable than symptomatic thrombosis.>? Fear of
thrombus extension or embolization and concerns regarding
CVC function and future vascular access are factors that result in
anticoagulation in patients with asymptomatic CVC-VTE. Jones
and colleagues recruited children admitted to the intensive care
unit and requiring a CVC and performed an ultrasound of the
extremity in which the CVC was placed.®® The study design's
unique and key strength was that the clinical team was blinded
to the presence or absence of asymptomatic thrombosis, so
patients did not receive anticoagulation. Two years later, partici-
pants underwent follow-up ultrasonography and a clinical assess-
ment for postthrombotic syndrome (PTS) with validated
instruments. The researchers found that ~1 in 5 patients devel-
oped CVC-related thrombosis despite prophylactic UFH (mean
dose, 10.4 U/kg per hour; standard deviation, 3.8 U’kg per
hour) in most patients. Of the 73% retained until the exit visit,
clinically significant PTS was reported in only 2 children, and
none of the children experienced VTE progression. Although
the study supports the practice of observation alone in younger
children with incidentally discovered CVC-VTE, the results are
applicable only to patients with congenital heart disease (>75%
of the cohort) and nontunneled, short-term CVCs. These find-
ings have been corroborated by another recent systematic
review of clinically unsuspected VTE in children predominantly
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diagnosed with CVC-VTE, which suggested that most asymp-
tomatic VTE, with or without anticoagulation, have a benign clin-
ical course with few immediate or long-term complications.>*

VTE prevention

Preventing primary or secondary VTE in children poses a chal-
lenge for clinicians because of the evolving hemostatic system in
children,>® the pharmacokinetics and responses to ACs, and lim-
itations of the current standard-of-care AC.>* Some of these limi-
tations can be overcome by DOACs for children with persistent
VTE risk factors, as shown by recently completed studies.

New therapeutic agents Brandao et al conducted an open-
label, single-arm, phase 3 trial of dabigatran for extended sec-
ondary thromboprophylaxis in children with a history of VTE.>’
Dabigatran showed a favorable safety profile for secondary VTE
prevention in children aged >3 months to <18 years with persis-
tent prothrombotic risk factor(s). The median duration of dabiga-
tran administration was ~8 months. Primary end points included
VTE recurrence, bleeding events, and mortality at 6 and 12
months. Clinically relevant bleeding occurred in 2.5% of patients
and recurrence in 1% with no on-treatment deaths. Twenty-six
percent of patients had a dose adjustment (increase or decrease
of dose), but in light of recent pharmacokinetic simulations and
the low frequency of clinically relevant bleeding, dabigatran is
safe for extended VTE treatment in children, and it is appropriate
to follow an age- and weight-adjusted dosage algorithm without
routine laboratory monitoring for this indication.*’

Thromboprophylaxis in special circumstances

Malignancy The first randomized trial in this field, PARKAA,
assessed primary thromboprophylaxis using antithrombin
replacement in children with acute lymphoblastic leukemia and
CVC during induction chemotherapy. However, PARKAA was a
feasibility study with limited power.>® THROMBOTECT, an RCT
performed by the Berlin-Frankfurt-Munster cooperative group,
assessed the efficacy and safety of primary thromboprophylaxis
during induction chemotherapy, including asparaginase for leu-
kemia in children, most of whom had a CVC.>?° Nine hundred
forty-nine patients were randomly assigned to 3 arms: antithrom-
bin substitution, prophylactic-dose LMWH, or low-dose UFH.
The low UFH dose was intended to prevent CVC occlusion and
did not achieve a systemic antithrombotic effect, so it could be
considered a placebo arm. The primary efficacy (symptomatic
VTE) and safety (bleeding) outcomes were assessed during both
induction and consolidation chemotherapy. The study showed a
significant reduction in VTE incidence with the use of antithrom-
bin (1.9%) and LMWH (3.5%) compared with UFH (8.0%).
Because a large proportion of children assigned to LMWH
crossed over to other arms, an as-treated analysis demonstrated
approximately equal reductions in VTE risk for antithrombin and
LMWH, compared with UFH. The incidence of bleeding was low
(0.9%) and similar between the 3 arms. The THROMBOTECT
study is the first adequately powered RCT of primary thrombo-
prophylaxis in pediatric patients and showed that thrombopro-
phylaxis with antithrombin or LMWH effectively prevents VTE
without increasing the risk of bleeding. Despite these results,
there remain challenges with these choices for thromboprophy-
laxis. Of the patients assigned to LMWH, 33% refused the inter-
vention after randomization because of the subcutaneous
injections. One notable and unexpected finding was an
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increased rate of relapse in patients receiving antithrombin.
Though this association was not consistent throughout the analy-
ses, a biologic effect of antithrombin substitution cannot be
completely ruled out, and antithrombin cannot be recom-
mended until more evidence is available.

VTE risk prediction

The incidence of hospital-acquired VTE (HA-VTE), defined as a
VTE that develops in a patient while hospitalized, has increased
in children by 70% to 200%.6"4% A first critical step to prevent
HA-VTE is to identify the risk of HA-VTE using risk assessment at
hospital admission to help guide future trials of thromboprophy-
laxis in high-risk patients. One ongoing multicenter effort, the
Children’s Hospital-Acquired Thrombosis (CHAT) registry, has
developed a pediatric HA-VTE risk assessment model.® The
CHAT study used weighted modeling to describe 11 VTE risk
factors at or within a day of admission, using data from more
than 700 cases of symptomatic HA-VTE. The risk factors included
age <1 year or adolescent/young adult; cancer, congenital heart
disease, or other identified high-risk diseases; recent hospitaliza-
tion or surgery; steroid treatment; immobility; presence of a
CVC,; an elevated platelet count; or mechanical ventilation. Once
externally validated, the CHAT model can define populations for
whom the benefit of thromboprophylaxis outweighs the risks.

VTE outcomes

Pediatric patients who survive a VTE should be continuously
monitored or treated. Two VTE outcomes, PTS and post-PE syn-
drome, have gained recent increased attention,®* because of
their impact on the quality of life.4>%® A systematic review of the
frequency of pediatric PTS after lower or upper extremity deep
vein thrombosis (DVT) reported an overall frequency of 26%
and a frequency of 17% when only considering prospective
studies.®* In a recent systematic review of 12 studies involving
1076 patients, CVC-associated DVT, complete veno-occlusion,
and incomplete DVT resolution were deemed as statistically sig-
nificant prognostic factors for the development of pediatric
PTS.®” There are several instruments to measure PTS and no
accepted gold standard.®® The Modified Villalta Scale and the
Manco-Johnson Instrument are the current reference instru-
ments proposed by the ISTH for the “definition and outcome
measurement” of PTS in children,®” but only the Manco-
Johnson Instrument has undergone both reliability and validity
testing.”® Their use for the definition and outcome assessment
of upper extremity PTS was acknowledged but not explicitly
endorsed by the ISTH.”" One study compared 2 pediatric PTS
instruments (the Modified Villalta Scale and Manco-Johnson
Instrument) to each other, as well as to the validated, widely
accepted adult Villalta scale in a group of older children and
young adolescents with DVT and showed significant discor-
dance between the prevalence of PTS.%8 These instruments rep-
resent a step toward a more consistent definition of pediatric
PTS but do not capture the full clinical impact of PTS and over-
diagnose mild PTS. The CAPTSure (Clinical Assessment of Post-
thrombotic Syndrome) is the newest pediatric PTS available for
diagnosis and severity rating of pediatric PTS in the upper and
lower extremities.”> CAPTSure has good reliability and small
measurement error in assessing PTS for both upper and lower
extremities; the investigators also determined the minimal
detectable change in the total score, which indicates the small-
est amount of change deemed clinically important beyond
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measurement error. CAPTSure also evaluates impaired endur-
ance to better understand the functional impact of PTS.”27* Fur-
ther studies are needed to confirm whether CAPTSure is an
adequate instrument to detect and follow PTS over time across
different studies and patient populations.

There are no pediatric data available on post-PE limitations. Its
frequency and the underlying mechanisms of exertional dys-
pnea and exercise intolerance after pulmonary embolism are
the aims of an ongoing, National Heart, Lung, and Blood
Institute~funded prospective study (registered on https//:
clinicaltrials.gov as NCT04583878).

Future directions

Despite the significant advances in pediatric hemostasis and
thrombosis over the past decade, many unanswered questions
remain in our field. In the coming years, we hope to see further
advances in laboratory testing that will allow us to more easily
identify patients with rare bleeding disorders and those whom we
currently recognize as patients with bleeding of unknown cause.
We expect to see continued treatment advances in hemophilia
and VWD, specifically completion of ongoing pediatric studies of
recombinant VWF and the initiation of gene therapy trials for chil-
dren with hemophilia. Across the span of hemostatic disorders,
we hope to see increased inclusion of women and reproductive
bleeding outcomes, particularly in industry-funded studies. Of
utmost importance in our field is improving access to hemophilia
therapy. At the time of this review, most patients with hemophilia
worldwide are still without access to factor replacement.

Given the continued increase in the incidence of thrombosis, a
full call to arms against pediatric VTE is now essential. Future
studies must address population demographics and lifestyle fac-
tors contributing to the rise in VTE and associated morbidity.
Additional areas in need of investigation include the role of
DOACs in inherited and acquired thrombophilia, in primary
thromboprophylaxis among hospitalized children at risk for VTE,
and the safety and optimal dosages of reversal agents in
DOAC-associated bleeding. Inhibitors of contact activation,

particularly FXI and FXII, show promise for preventing thrombo-
embolic disease, including safe prevention of artificial surface-
induced thrombosis, and represent future therapeutic targets for
CVC-VTE.”® The true incidence and clinical impact of pediatric
PTS remain to be elucidated. Two major priorities for the refine-
ment and development of assessments of pediatric thrombotic
sequelae should be consistent definitions of postthrombotic
venous disease severity and improvement in measuring the
functional impact of such complications in children.”’”
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