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Abstract

Background—Sequelae of venous thromboembolism (VTE) in children include recurrence,
development of post thrombotic syndrome (PTS) when venous return from a limb is affected and
chronic thromboembolic pulmonary hypertension (CTEPH) after pulmonary embolism.
Identification of laboratory-based risk factors may be useful for individualized risk assessment for
VTE sequelae. Coagulation activation and inflammation may contribute to their pathophysiology.
We performed a systematic review to investigate the association between biomarkers of
coagulation activation, inflammation and fibrinolysis and adverse VTE outcomes in children and
young adults.

Methods—A systematic search of electronic databases, PubMed (NIH), EMBASE (Ovid), Web
of Science (Thompson Reuters), and SCOPUS (Elsevier) for studies published through November
2016 was conducted using “VTE” including MeSH terms for “coagulation activation,”
“inflammation” and “fibrinolysis,” with no limit on publication date. A study was eligible for
inclusion when it evaluated patients (< 21 years) with VTE and biomarkers of coagulation
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activation, inflammation, and fibrinolysis and assessed for their association with development of
adverse thrombotic outcomes. A modified Newcastle Ottawa Scale was applied to examine the
quality of included studies.

Results—Our search strategy yielded 200 references. A total of 3 cohort studies representing 220
patients with VTE were included. Two authors independently assessed all references for inclusion.
Three studies (2 prospective cohort and one mixed cohort study) were identified that reported on
biomarkers of coagulation activation, inflammation and fibrinolysis, checked at least once after
VTE diagnosis and assessed association with primary outcomes of recurrent VTE, PTS and
CTEPH. Studies varied with regards to definition of outcomes, the type of biomarkers measured
and time point of measurement. We were unable to meta-analyze results due to marked clinical
heterogeneity and <3 studies available for each biomarker. Descriptively, a significant association
was found for elevated plasma levels of FVIII and D-dimer for a compound outcome of PTS,
recurrence and progression in one study, and positive lupus anticoagulant at DVT diagnosis and
subsequent PTS by another study. No studies were found for CTEPH.

Conclusions—Elevated D-dimer, FVI1I1 and lupus anticoagulant show promise for predicting
recurrent VTE and PTS in children and young adults. Further research is needed to elucidate
whether these markers might be useful to predict development of adverse outcomes after VTE in
children.
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1. Introduction

Adverse outcomes after pediatric venous thromboembolism (VTE) include recurrent VTE,
post thrombotic syndrome (PTS) [1] and chronic thromboembolic pulmonary hypertension
(CTEPH) [2]. These complications develop after deep venous thrombosis (DVT) and
pulmonary embolism (PE) despite appropriate anticoagulation [3, 4]. The incidence of VTE
in children has increased in the recent years by 70% and affects 1 in 200 hospitalized
children [5]. In parallel with this increase, sequelae of thrombosis are expected to rise in the
ensuing years. There are no validated screening methods that allow risk stratification for
poor outcomes of VTE in an individual after completion of anticoagulation. Management is,
therefore, challenging and occurs once complications have already developed. The negative
impact of VTE sequelae on children and young adults, anticipated to live 5 or more decades
after the acute event, is likely to be significant, unless prevented. To that end, it is desirable
to discover suitable biomarkers early in the course after VTE to identify patients at risk, who
may benefit from targeted interventions aimed at preventing VTE complications.

A close relationship exists between inflammation and thrombosis [6, 7]. Acute DVT causes
a systemic inflammatory response characterized by elevated plasma levels of interleukin-6,
interleukin-8, and C-reactive protein [7]. The temporal accumulation of leukocytes in the
forming (PMNs) and resolving (monocytes/macrophages) thrombus is part of a dynamic
intravascular wound healing process that results in either early lysis of the thrombus or its
stabilization [8-10]. The transition over time to a monocyte predominant thrombus
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environment results in plasmin and matrix metalloproteinase (MMP-2) mediated thrombus
breakdown - also driven by the proinflammatory cytokine milieu. Inflammation, thus,
influences not only thrombogenesis but also thrombus resolution and vein wall remodeling.
Indeed, studies of patients with DVT treated with anticoagulation have shown that in most
cases, return of normal physiologic function of the vein is rare [11]. Even in patients who
achieve clot lysis, permanent damage to vein frequently occurs, conceivably via thrombus-
induced activation of inflammation [7, 12]. It is plausible that pathological interactions
among several factors at the site of the DVT affected vein may portend a poor prognosis.
These may include the thrombus itself, inflammatory mediators secreted by blood cells and
the venous endothelium, the process of fibrin degradation and vein recanalization.
Coagulation activation, inflammation and impaired fibrinolysis may thus be the antecedents
that are present in patients who subsequently develop adverse VTE sequelae.

We conducted a systematic review aimed at answering the question: Can markers of
coagulation activation, inflammation and fibrinolysis predict the development of poor
outcomes in pediatric VTE?

2. Methods

a. Eligibility criteria

We included randomized studies (RS) and non-randomized studies (NRS) in patients <21
years with venous thromboembolism (VTE) who had biomarkers of interest, excluding
inherited thrombophilia (defined, for the purpose of this review as Factor V Leiden
mutation, prothrombin gene mutation, protein (P) C, PS and antithrombin deficiencies)
checked at least once after diagnosis of VTE, and assessed for association with development
of poor outcomes of thrombosis. The primary outcomes selected for this review included
recurrent VTE, PTS and CTEPH.

b. Information sources and search strategy

We searched PubMed (NIH), EMBASE (Ovid), Web of Science (Thompson Reuters), and
SCOPUS (Elsevier) through November 2016. The searches combined terms to identify
studies using “VTE” including MeSH terms for “coagulation activation,” “inflammation”
and “fibrinolysis,” with no limit on publication date. The search strategy developed for
PubMed (Appendix A) was adapted for use in the other databases.

d. Study selection and data extraction

Two authors (AZ and JJ) screened all studies that appeared relevant on the basis of “Title”
and “Abstract” for full article review. Both authors (AZ and JJ) independently selected
studies based on the full article for inclusion criteria into the review. Agreement was
measured using simple agreement. Discordance was resolved by discussion and consensus
between the two authors.

e. Assessment of risk of bias and quality in included studies

Two authors (AZ and JJ) independently assessed methodological quality of each included
study. Discordance was resolved by discussion and consensus between the two authors. We
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implemented the Newcastle-Ottawa Scale (NOS) [13], developed to assess the quality of
nonrandomized studies for this review (Appendix C). The NOS utilizes a ‘star system’ to
judge a study based on: the selection of study groups (maximum of 4 stars); the
comparability of the groups (maximum of 2 stars); and the ascertainment of either the
exposure or outcome of interest (maximum of 3 stars) for case-control or cohort studies
respectively.

For the studies recommended for inclusion in the secondary screen, data were extracted
using a data extraction form. After study selection, both authors (AZ and JJ) independently
extracted data. Collected data included: 1) basic study characteristics; 2) inclusion and
exclusion criteria; 3) concomitant medical diagnoses that could influence the measured
biomarkers; 4) biomarkers measured, method of measurement, time point at which measured
and the outcome with which association was presented; 5) statistical analyses and measure
of association; 6) type of outcome (), definition of outcome used and if defined a priori, and
whether any validated methods or scales used to measure outcome. Extracted data were
compared and disagreements were resolved by consensus.

We divided time points of biomarker measurement in four subgroups: acute phase (< 1
month post diagnosis), sub-acute phase (= 1 to < 3 months post diagnosis), early chronic (=3
to < 12 months post diagnosis) and late chronic (= 12 months post diagnosis) based on
distinctive patterns of hypercoagulability and/or hypofibrinolysis post-VTE [14, 15]. We
studied each biomarker with respect to these time points for each of the primary outcomes.
We planned for meta-analysis only if there were three or more studies analyzing the same
biomarker for its association with any of the primary outcomes.

For all outcomes, we planned to stratify biomarkers based on: a) age (28 days- 23.99
months, 2-6.99, 7-11.99, 12-17.99 and 18-20.99 years old), with additional analyses for
neonate, adolescents and all others (taking in account the bimodal peak of VTE); b) sex; ¢)
BMI (obese/overweight vs. normal weight); d) provoked vs. unprovoked VTE; e) DVT
triggering event; f) positive family history (FMH) (we defined FMH of VTE as positive
when there was a report of any first and/or second degree family member with VTE,
myocardial infarction and/or stroke at age <40 years, recurrent spontaneous abortions and/or
laboratory diagnosis of inherited or acquired thrombophilia) and; e) antiphospholipid
antibody positivity at diagnosis.

Additionally, three subgroup analyses were planned for each individual primary outcome.
For studies evaluating PTS, whether biomarkers were assessed in subjects stratified
according to a) Initial complete vs. partial veno-occlusiveness; and b) proximal vs. distal
DVT. For studies on recurrent VTE, whether biomarkers were assessed in subjects stratified
according to race; African American (AA) race vs. non-AA race and for studies on CTEPH,
whether biomarkers were assessed in subjects stratified according to a) location (initial
central embolic burden vs. segmental or sub segmental emboli) on imaging and (ii)
persistent embolic burden vs. recanalization on follow-up imaging. For all outcomes, we
planned to also assess whether biomarkers measurements were done with on or off
anticoagulant therapy.
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3. Results

Descriptive Analyses

Figure 1 depicts the flow diagram for the process of the study selection. Five electronic
databases were searched. The search provided 274 citations. After adjusting for duplicates, a
total of 200 remained. Of these, we excluded 192 studies that did not meet the above
inclusion criteria after title and abstract screening. The full text of the remaining citations
was examined in more detail. After full text assessment we excluded an additional 5 papers.
These studies measured global assays of plasmin generation and fibrinolysis at various time
points after VTE [14], antiphospholipid antibodies in a pediatric antiphospholipid syndrome
(APS) with recurrent VTE [16] and FVIII and D-dimer in subjects with recurrent VTE [17]
but analyses on the association between biomarkers and outcomes were not reported. Two
studies assessed inherited thrombophilia with recurrence [18, 19]. Only 3 studies met the
inclusion criteria.

Table 1 summarizes the included studies. Studies varied with regards to inclusion and
exclusion criteria, outcomes studied and definition and timing of assessment.

The limited number of studies identified suggested that conventional analytical approaches
for systematic review were inapplicable and unnecessary (Appendix B). In the following, we
compiled the findings of the three studies on the association of biomarkers with different
outcomes:

a) Post thrombotic syndrome—Aill three studies assessed the association of biomarkers
with PTS (Table 2). The prevalence of PTS was 33% (median follow-up of 12 months) [20],
8.5% (median follow-up of 48 months) [21] and 23% (median follow-up of 33 months)
respectively [22]. The study by Goldenberg and colleagues [20] assessed PTS in
combination with other poor outcomes of thrombosis (recurrence and lack of thrombus
resolution) whereas PTS was the primary outcome defined a priori for the other two studies
[21, 22]. This study found a statistically significant association between FVIII levels > 150
IU per deciliter, D-dimer above 500 ng per milliliter or both at diagnosis with the composite
end point. At follow-up, in the sub-acute and early chronic phase, FVIII and D-dimer were
checked in tandem and the same cut-offs were found to be statistically significant.

Kreuz et al assessed FVIII antigen and activity (early chronic phase) [21] and Lyle et al,
lupus anticoagulant (acute phase) [22] in association with PTS. Elevated FVI1I1I antigen or
activity tested during early chronic phase after DVT, did not show any association with PTS
[21], however, the presence of a lupus anticoagulant by dilute Russell Viper venom time
testing (dRVVT) within two weeks of DVT diagnosis was associated with a 17 fold
increased odds of developing clinically significant PTS [22]. Additional antiphospholipid
antibodies were not evaluated in this study, as they were not uniformly tested at the two
centers where the study was carried out. In the same study, elevated FVIII or D-dimer was
not predictive of PTS.

The PTS definitions were not uniform in these studies. PTS diagnosis criteria included the
presence of either physical abnormalities or functional limitations [20], only objective signs
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of venous insufficiency to diagnose ‘transient” PTS [21] or “functionally significant PTS’
incorporating both subjective and objective signs and symptoms of PTS [22].

Timing of PTS assessment also varied between the three studies. Kreuz et al coined the term
‘transient PTS” as PTS that developed within 12 months of the index event while Lyle and
authors evaluated PTS at = 1 year and used the latest measurement of PTS assessment for
analysis[21, 22]. None of the studies diagnosed PTS after two consecutive, consistent
exams, as is the current International Society of Thrombosis and Haemostasis (ISTH)
recommendation[23, 24]. Only the study by Lyle and colleagues used a validated, Manco-
Johnson Instrument PTS scale[1, 25]. PTS assessors were adequately trained for assessment
of PTS at only one of the centers in this study but the assessments were not blinded.

b) Recurrent venous thromboembolism—Of the studies included, recurrent VTE was
chosen as the primary end point in two studies [20, 21] but only one assessed biomarkers
with the risk of recurrence [20]. The number of subjects with recurrence (8/103) were
deemed to be too small in the study by Kreuz and authors for further statistical analysis
despite having biomarker data available[21]. Both studies used different definition of
recurrent VTE and the time point of measurement of biomarker assessed in the setting of
recurrence (Table 1).

The cumulative incidence of recurrent VTE was 6% with a median follow-up of 12 months
(3 months -5 years) [20] and 7.8% with a follow-up of 48 months (24 to 120 months) [21].
FVIII and D-dimer were measured in the acute phase (< 1 month post-DVT), and
measurements were repeated at follow-up at 3-6 months post-DVT. The study defined
recurrent thromboembolism a priori (Table 1) but did not use the ISTH recommended
definition as it was completed before 2011 [26]. The biomarkers in this study were assessed
in association with recurrent VTE as part of a composite end point of other poor thrombotic
outcomes (PTS and thrombus progression) within two year. This study found a statistically
significant association between FVII1I levels > 150 U per deciliter, D-dimer above 500 ng
per milliliter or both at diagnosis and at follow-up with the development of the composite
poor outcome including recurrence [20] (Table 3).

¢) Chronic thromboembolic pulmonary hypertension—No studies were found that
investigated any biomarkers for association with CTEPH.

4. Discussion

Defining predictive risk factors for poor outcomes of thrombosis is paramount in order to
permit identification of children with VTE at high risk of sequelae, and to target appropriate
prophylactic measures, such as thrombolysis, prolonged anticoagulation, and compression
therapy. To date, data that allow stratification of pediatric patients after VTE according to
their risk of complications is limited. We systematically reviewed literature on the
association between biomarkers of coagulation activation and inflammation with VTE
sequelae. Three studies were included, with very small numbers of patients who developed
VTE complications.
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Due to marked heterogeneity and a small number of studies, we felt a meta-analysis would
not give a meaningful combined estimate. Descriptively, a statistically significant association
for PTS was found with the presence of lupus anticoagulant in the acute phase after DVT,
and for a compound outcome of lack of thrombus resolution, PTS and recurrent VTE with
elevated D-dimer and FVII1I in both the acute and sub-acute phase after DVT.

Studies differed in many aspects, including population studied (e.g. inclusion of patients
with ischemic arterial stroke, VTE affecting different territories (i.e. organs) and with
underlying inflammatory disorders) which might influence number of subjects available for
assessment of poor outcomes; exclusion criteria (e.g. exclusion of patients on long-term
prophylactic anticoagulant therapy or non-white subjects — populations that may be at higher
risk of adverse outcomes, such as PTS after DVT or recurrent VTE respectively);
biomarkers tested (FVIII and D-dimer vs. FVIII activity and FVI1II antigen vs. lupus
anticoagulant); definition of outcomes used (two studies were published before the ISTH
recommended outcome definitions [26]; timing of outcomes assessment; and the method of
analysis (FVIII activity above the cut-off value of 150 IU per deciliter vs. FVIII activity >
90 percentile).

The most commonly measured biomarkers were FVI11 and D-dimer. The timing of
biomarker measurement after VTE varied among studies. FV1I1 measurement during VTE
onset reflects or may have a component of acute phase reaction, however, measurements
during the sub-acute or chronic phases might be more useful. Similarly, elevated D-dimers in
subacute-chronic phase is indicative of ongoing activation of coagulation and fibrinolytic
pathways. As each phase carries its own importance toward the risk of poor outcomes, we
grouped biomarkers from the included studies according to time of measurement.

All included studies analyzed FVIII for its association with PTS. Of these, a nearly 9- and a
4- fold risk of adverse thrombotic outcomes (composite of PTS and recurrence) was found
with elevated FVIII at diagnosis and following 3-6 months of anticoagulant therapy;
however, these data have yet to be validated individually for either recurrence or PTS in a
large pediatric population. Elevated FVIII measured within the first two weeks of DVT
presentation [22] and at 6-12 months after the acute thrombotic event [21] did not
demonstrate an increased odd of PTS. Given the small number of subjects with PTS in the
latter two studies, 5 and 8, respectively, an association cannot be definitively ruled out.

Elevated FVIII is frequently encountered due to acute phase response at the time of acute
thrombosis due to high prevalence of acute infections and other proinflammatory states such
as surgery and trauma. However, after adjustment for the presence or absence of a chronic
inflammatory condition in [20] (present in only 10 percent of children in this cohort),
elevated FVIII, D-dimer, or both remained independently predictive of poor outcomes of
thrombosis, suggesting association between elevated FVIII and D-dimer was not mediated
by overt infection or inflammation. Although neither FVII1 nor D-dimer level was elevated
in approximately half of the cohort at three to six months in this study, we cannot rule out
reverse causality in the remaining, whereby increased FVIII or D-dimer in the poor outcome
group may have been caused by PTS or lack of thrombus resolution.
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D-dimer is a plasma-based biomarker of coagulation activation and fibrinolysis. It is used in
many clinical risk prediction models for recurrent VTE in adults, both at the time of VTE
diagnosis and after cessation of anticoagulant therapy, together with clinical predictors to
differentiate patients at high or low risk of recurrence. Similarly, an elevated D-dimer
suggests an increased risk of PTS. D-dimer, like FVII1, is also nonspecifically elevated in the
presence of infection, trauma and systemic inflammation. In children, D-dimer predicted a
compound poor outcome of PTS, recurrence and thrombosis progression when checked in
the acute and sub-acute phases after DVT [20] but no association with PTS was found when
D-dimer was checked within the first two weeks after acute DVT [22]. Further studies are
needed to validate these data individually for PTS and recurrent VTE. D-dimer, ideally,
should be expressed as a continuous variable, but a cut-off that separates patients on the
basis of their risk of outcomes such as recurrence or PTS may be more clinically useful.
Another important consideration is whether D-dimer should be measured on or off
anticoagulation. Patients on anticoagulants generally have lower D-dimer values, which
while being useful for the risk of recurrence, limits its usefulness as an early predictor of
PTS. D-dimer values also vary by age and by the assay employed [27], which highlights the
potential need for establishing an age and assay specific D-dimer in children with VTE.
Overall, additional research is needed to ascertain the optimal manner in which D-dimer
might be used as a predictor of poor VTE outcomes.

The antiphospholipid antibody syndrome is an acquired autoimmune disorder characterized
by a persistent presence of antiphosphoipid antibodies, thrombosis and in some cases,
vasculopathy. One study in our review assessed the association between lupus anticoagulant
positivity during acute VTE and PTS development [22]. The authors determined a priorithat
antiphospholipid antibody would be highly collinear with dilute Russell viper venom test as
a specific test for the lupus anticoagulant. A positive dRVVT within two weeks of DVT
diagnosis was associated with a 17-fold risk of developing PTS. The lack of association of
both the presence of an inflammatory or infectious trigger at presentation with PTS, and
dRVVT positivity with the presence of an infectious/inflammatory disorder at diagnosis in
this study suggests lupus anticoagulant may exert its effect independent of acute infection or
inflammation. While promising as an early biomarker for future development of PTS, the
small sample size and wide confidence intervals around the odds of clinically significant
PTS for a positive dRVVT suggest the need for further studies to evaluate this association. In
antiphospholipid antibody syndrome, vascular cellular infiltrates and fibrosis of the intima
and media develop in various vascular territories[28]. It is plausible that a parallel process in
veins affected by DVT also occurs. This coupled with impaired thrombus resolution [22],
also caused by lupus anticoagulant, may lead to or exacerbate vascular stenosis. Future
research is needed to investigate pathways that support these hypotheses. Similarly, the
association of persistent antiphospholipid antibodies, in the subacute and chronic phases and
the development and severity of PTS needs to be fully explored.

We did not find any study evaluating biomarkers for association with CTEPH. As the
pathophysiology underlying the development of thrombofibrotic pulmonary artery occlusion
involves inflammation, proliferation and angiogenesis [29], it can be hypothesized that
coagulation activation and impaired fibrinolysis may also play a role in the development of
this outcome. Elevated FVI1I levels have been found in adult patients in association with
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CTEPH compared to healthy controls and those with nonthromboembolic pulmonary arterial
hypertension [30, 31] whereas the association with antiphospholipid antibodies has been
controversial [31, 32]. Venous thrombi have high fibrin and red cell content, and their
interaction during VTE suggests that thrombi undergo substantial consolidation during their
maturation. Several studies in adults have suggested that abnormal fibrin(ogen)
concentration; structure and stability contribute to VTE [33]. On study found a high
incidence of fibrinogen mutations in patients with CTEPH, suggesting that abnormal
fibrinogen structure/and or stability contribute to persistent pulmonary emboli and
consequently the development of CTEPH [34]. There is a dearth of such data in the pediatric
population. While PTS is the most frequent outcome after DVT, CTEPH is another
important under recognized outcome after PE with significant morbidity. Owing to a lack of
data for children, ISTH has recently published recommendations for assessment and
monitoring of CTEPH in children [2].

The comprehensive search strategy, with two reviewers involved in screening, study
selection, and data extraction to perform a wide-ranging search of the available biomarker
literature is the main strength of the present review. Finally, we attempted to analyze data
within specific subgroups to decrease heterogeneity of results and highlight various phases
after VTE when their measurement may be prognostically important. The small number of
studies included and the heterogeneity with regards to the biomarkers tested and the timing
of testing and the outcomes limit our review. Publication bias could not be assessed. Despite
these limitations, this review highlights important findings and has highlighted knowledge
gaps in the field. Ultimately, the goal is to identify very early in the course of VTE (acute or
sub-acute phases) patients at highest risk of complications amenable to an individualized
approach aimed at preventing poor outcomes of thrombosis.

This systematic review also emphasizes the challenges faced when interpreting and applying
the currently available biomarker data — or the lack thereof - when determining the risk of
complications for a pediatric patient with VTE. To address this issue, the ‘“The TOP
(Thrombosis Outcomes in Pediatrics) Study’ (www.clinicaltrials.gov; NCT030568923),
initiated by the authors, will enroll and systematically follow unselected consecutive
pediatric VTE patients over a 4-year period. We will measure conventional and global
biomarkers of coagulation, with a standardized comprehensive program of clinical,
radiological, functional and laboratory testing coupled to blinded assessments of adverse
VTE outcomes. TOP will possess adequate power to provide answers to relevant questions
regarding the temporal pattern of biomarkers of coagulation activation, inflammation and
fibrinolysis and association with adverse outcomes post VTE. It will provide evidence for
future guideline recommendations regarding selection of pediatric patients for long-term
follow-up after VTE, the biomarkers that this follow-up should include, and the findings that
should be interpreted as indicative of patients at risk of developing recurrent VTE, PTS and
post-PE impairment.

5. Conclusions

Given the small number of studies, it is not currently possible to reach a firm conclusion and
determine the type of biomarker, the timing of measurement or the method of measurement
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of a biomarker after an acute thrombotic event that is most predictive for adverse VTE
outcomes in the pediatric population. Elevated D-dimer, FVI1II and lupus anticoagulant show
promise for predicting recurrent VTE and PTS and provide an impetus for future research.
CTEPH remains under studied in pediatrics.
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Highlights
. A systematic review highlighting biomarkers of pediatric VTE outcomes is
presented.
. D-dimer, FVIII and lupus anticoagulant show promise in predicting
recurrence and PTS.
. CTEPH remains understudied in children and young adults.

. Further research is needed to study pathophysiology of adverse VTE
outcomes.
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Figure 1.

Prisma flow diagram for study selection

5 studies excluded

¢ No association with outcomes 3
¢ Inherited thrombophilia/VTE 2
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