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Summary

Coincident with a true increase in the incidence of thrombosis in
childhood has come an appreciation of the impact of thromboembolic
events upon children. In part, the greater awareness of childhood
thrombosis reflects improved diagnostic imaging, which allows more
sengitive identification of clots in infants and children. At the same
time, advances in supportive care have meant that more children are
being exposed to, surviving and living with thromboembolic risk
factors and complications than previously. Because data regarding
pediatric thrombosis have been lacking, treatment strategies have been
extrapolated from experiencein adults. This approach, however, results
in diagnostic and therapeutic pitfals. An understanding of issues
unique to pediatric thrombosis is required; recent insights and the
ongoing challenges are reviewed.

Epidemiology of Thrombosis and the Developing
Coagulation and Fibrinolytic Systems throughout
Childhood

Thrombosis in children, although increasingly common, is still a
rare event in comparison to thrombosis in adults. The Canadian
Registry of Venous Thromboembolic Complicationsin Children reported
an incidence of 0.07/10,000 pediatric population (1) (5.3/10,000
hospitalized children) in contrast to an estimated incidence of 2.5to 5%
of adults (2). Several factors likely contribute to the low incidence of
thrombosis in children. Certainly the unique hemostatic physiology
of the infancy and childhood, as detailed below, has an impact. Also
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important isthe integrity of the vessel wall and itsinfluence on thrombosis.
The vascular endothelium of children has not accumulated damage
from diseases such as hypertension, diabetes, or hypercholesterolemia,
and so maintains anticoagulant properties. Similarly, the mgjority of
children have not been exposed to acquired thrombotic risk factors,
such as oral contraceptives, smoking, antiphospholipid antibodies, or
malignancies.

Although components of the coagulation system appear as early as
ten weeks gestational age in the human fetus, the development of this
system is incomplete at birth and is dynamic throughout childhood.
Evaluation of coagulation factor valuesin children requires attention to
normal rangesfor age, and established normal rangesfor fetal, neonatal
and childhood ages are now published (3-5). Trends in representative
factors are shown in Figs. 1-3, demonstrating the differences in
coagulation profiles of the neonate, the older child, and the adolescent
trangitioning to an adult hemostatic profile. Components of the
coagulation system do not cross the placenta from the mother into the
infant. Differences from adult values do not represent merely immature
protein synthetic ability, as a number of factors are present at adult
levels (e.g. fibrinogen, factor V, factor V111, factor X111) or greater than
adult levels (e.g. apha2 macroglobulin, PAIL) in childhood. One
mechanism possibly protecting neonates and children from throm-
boembolic events, when compared to adults, isadecreased potential for
thrombin generation. Levels of the vitamin K-dependent clotting
factors, as well as most contact factors, are strikingly low in term
infants (Fig. 1). In term and preterm infants thrombin generation is
lower than at any other point in life, resulting in delayed and decreased
thrombin generation, similar to plasma from anticoagulated adults (3).
In contrast, the co-factors V and V111 and fibrinogen are not significantly
different from adult levels at hirth. Despite sharp increases to within
adult normal rangesin the first 6 months of life, mean prothrombin and
factors VII, IX, and X remain significantly below mean adult levels
through childhood (6, 7). Pooled plasma from children aged 1-16 years,
compared to adult plasma, showed 27% less thrombin generation in
aPTT-based assays (8).

In addition to the decreased potential for thrombin generation, possible
mechanisms to explain the decreased thrombotic risk in childhood
might include inhibition of thrombin, increased fibrinolysis, or alterations
in the platelet/vessel wall interaction. The lower risk of thrombosisin
childhood does not appear to result from enhanced inhibition of thrombin.
Antithrombin (AT), protein C, and heparin co-factor II (HC I1) levels
are low at hirth. Protein C and HC Il remain significantly low until
adulthood isreached. Low total protein S antigen levelsin thefirst half
year of lifelikely have little impact, because adult levels of free protein
S are present throughout childhood (4, 6, 9). Despite lower levels of
antithrombin in the first six months of life, the activity of heparan
sulfate and other glycosaminoglycans (GAGs) on endothelid cells
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Fig.1 Development of
coagulation factors during
childhood. Plasma concen-
trations of selected contact,
vitamin K-dependent, and
co-factors of coagulation
over age through childhood
(4, 6,113, 114). It is useful
to think of the major changes
asoccurring in three periods:
from birth through the first
6 months of life; from the
first year until early adoles-
cence; during or by the end
of adolescence

Fig.2 Mean levels of sdl-
ected antithrombotic factors
in childhood. Plasma con-
centrations of selected anti-
thrombotic factors over age
through childhood (4, 6, 9,
113, 114)
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appears to be increased, which along with increased concentration of
alpha-2 macroglobulin, potentiate antithrombin inhibition of thrombin
generation (10). Thisinhibition is augmented in infancy by high levels
of apha-2 macroglobulin, an inhibitor which peaks in the first six
months of life and remains elevated throughout childhood.

Protection from thrombosis in the neonate and child does not
result from increased fibrinolytic activity. Although tissue plasminogen
activator (t-PA) and plasminogen activator inhibitor (PAI-1) are each
transiently elevated by the birth process, plasminogen is decreased
through the first six months of life. Thereafter, levels of plasminogen
and alpha2-antiplasmin approximate adult values. However, low levels
of tPA and high levels of PAI-1 and apha2-macroglobulin likely
explain the decreased fibrinolytic potential described in infants and
adolescents (6, 11, 12).

Therole of platelet/vessel wall interactionsin protection from throm-
bosis has been difficult to assess. Research and clinical study of platelet
function in infants is challenged by the large volumes of blood required
for classical platelet aggregation studies and the difficulty standardizing
bleeding time testing in children. Neonatal platelet aggregation in res-
ponse to epinephrine, collagen, and thrombin appears to be decreased
(13); reports of differences in response to other agonists are less con-
sistent. The decreased responsiveness does not result from differencesin
platelet collagen receptor GPlallla, as this and other GP receptors are
present in adult numbers (14). Anima studies suggest that vessel wall
GAGs may enhance antithrombin activity in neonates (10) Conversely,
the vessel wall of the newborn, when stimulated, may express more
tissue factor than adult endothelium (15). In addition, the first three
months are characterized by higher concentrations of VWF, increased
VWF collagen-binding activity, and unusualy large multimers of von
Willebrand factor capable of more potent promotion of aggregation. The
bleeding timeis shorter in infants than in adults. Whole blood flow cyto-
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childhood (6, 115)

metric studies may identify significant differences in platelet reactivity
that could not be appreciated with earlier methods (13, 16).

Factors Unique to Childhood Thrombosis

When clots do occur in childhood, at least one thrombotic risk factor
isidentified in the majority of children. Idiopathic thrombosis occursin
less than 10% of cases of thromboembolism in most pediatric series,
compared to approximately 40% of adult thromboses (17-20). An
exception is arterial ischemic stroke (AlS) in the pre- or perinatal
period, which may be clinically silent, and isidiopathic in one third of
cases (21-24). Most children with thrombosis have a serious underlying
illness (e.g. cancer, congenital heart disease, nephrotic syndrome) and
usually one or more other risk factors, either acquired or congenital
(e.g. central line or a hereditary prothrombotic condition) (1, 25). This
requirement to have multiple risk factors that lead to abnormal clotting
is characteristic of pediatric thrombosis.

One risk factor in particular is so much more common in pediatrics
than in adults that it merits special mention: the presence of a central ve-
nousline (CVL). CVLsare the most common risk factor for thromboem-
bolismin children, associated with up to 60% of pediatric blood clotsand
up to 90% in newborns (17, 26, 27). The high frequency of thrombosisin
the upper venous system in pediatrics is explained by the typical place-
ment of CVLsin this location in children. Consequently, 60% of DVTs
that occur in children and up to 80% occurring in neonates are in the
upper venous system, compared to only 2% of adult DV Ts (17, 26, 28).

Neonates

Neonatal thrombosis exhibits several characteristics that make it
unique even among pediatric clotting. Although the neonatal period
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spans only 4 weeks (age 0-28 days) it congtitutes the single largest
group of children with thromboses— approximately 12% of all pediatric
clots occur in neonates (17). Prospective studies have found clinically
apparent thrombosis (excluding stroke) in 2.4/1,000 neonatd intensive
care unit admissions (27) and an incidence of symptomatic thrombosis
of 5.1/100, 000 hirths (29).

The perinatal period carries relatively higher risks of systemic

infection, dehydration, and perinatal asphyxia (27, 29), all of which are

inturn risk factors for thrombosis. Treatment for al of these conditions
usualy requires a CVL for adequate access in a small, critically ill
baby, which further compounds the risk for thrombosis.

Catheterization of the umbilical vessels is a risk factor unique to
neonates. Thrombi have been found radiographically in up to 29% of
neonates with umbilical venous catheters (UV Cs) (30). The frequency
of arterial thrombosis from umbilical artery catheterization has been
estimated widely between 9-28% based on autopsy reports; several
angiographic studies have reported rates near 30% (3).

Homozygous deficiencies of protein C, protein Sand ATIII clearly
present with thrombosis as early as the newborn period. What is less
clear is the relative contribution of the common heterozygous here-
ditary coagulation defects (e.g. factor V Leiden, prothombin G20210A)
to neonata thrombosis. The diagnosis of these disorders requires large
volumes of plasma from untransfused patients, a significant limitation
in preterm and term infants, in whom the total blood volume may be
only 80-240 cc. One prospective study found hereditary coagulation
defectsin seven of 35 cases of neonatal thrombosis (29).

Spontaneous renal vein thrombosis (RVT) is another problem seen
more frequently in newborns than in older children. These clots are
unilateral 75% of the time. In term infants, RVT often presents within
thefirst two days of lifewith hematuria, proteinuria, thrombocytopenia,
and apalpable abdominal mass (29, 31, 32). Preterm infants (< 37 week
gestation) tend to present later.

Stroke in the neonate, both sinovenous thrombosis (SVT) and
arterial ischemic stroke (AlS), has been the subject of severa recent
clinical studies and reviews (33-37), which demonstrate features that
distinguish stroke in this age group from that in older children and
adults. Although the overall incidence of SVT in childhood is 0.67 per
100,000, the incidence in newbornsis 41 per 100,000 (34); the inciden-
ce of perinatal/neonatal arterial ischemic strokeis at least 7-8 timesthe
rate 2-3/100,000 seenin ol der children (38). The most common presen-
tations of neonatal stroke are seizures and lethargy; while more than
half of non-neonates with SVT and AIS have focal neurologic deficits
or hemiparesis, neonates present with these signs only one quarter of
thetime, or less (34, 38). The occurrence of perinatal stroke often goes
unrecognized until neurologic deficits become obvious with motor
development in the first year of life (35).

Children

While children age 1 month to 10 years old account for about 50% of
all pediatric thrombosis, aquarter of these occur in the 2 to 12 months
of life (1, 17). No single year between ages 3-10 amounts to more than
5% of pediatric thromboses. Low thrombosis rates reflect the unique
hemodtatic profile of this age group as well as the relative absence of
risk factors. Children in this age group who do develop thromboses
almost always have one or moreidentifiable risk factors, the most com-
mon being the presence of a CVL (17). Other risk factorsin this group
are hematologic malignancies, cardiac disease, surgery, and infection;
athough independent risk factors, risk with each of these conditionsis
often compounded by the requirement for aCVL for treatment.

Acute Lymphoblastic Leukemia (ALL), the most common childhood
malignancy in this age group, is an especialy significant risk for
thrombosis for many reasons. First, virtualy al patientsreceivea CVL
for the treatment of their disease. Second, L-asparaginase, a drug
essential in the treatment of ALL, particularly decreases baseline
amounts of ATIII compared to other components of hemostasis (3). A
historical review (3) of thelarge studies of children with ALL receiving
L-asparaginase demonstrates a median incidence of thromboembolism
of 2.6% (range:1.1-14.3%). The same rate (2.8%) was found in arecent
prospective study in ALL (39). Symptomatic thromboembolism in
these studies occurs most often in the CNS, or at the site of a CVL.
Radiographic (largely asymptomatic) CVL-related thromboses have
been demonstrated in 7.3-50% of childhood cancer patients (40-42).
Although silent thromboses can become manifest after removal of the
CVL (41), adequate studies are lacking to direct thrombosis prophylaxis
or treatment in this setting.

Complex congenital heart disease that requires cardiac catheterization
for diagnosis or treatment is yet another risk factor in young children.
The incidence of symptomatic thrombotic complications from cardiac
catheterization without prophylactic heparinization is approximately
40% (43). Even with the use of prophylactic heparin thromboses can
occur in 4-32% of procedures (43, 44).

Although a complete review of pediatric ischemic stroke is beyond
the scope of this review, some aspects are worth noting. In contrast to
a lower association of thrombophilic conditions with adult stroke,
30-38% of children presenting with cerebral thromboembolic disease
outside of the perinatal period demonstrate prothrombotic disorders, the
most commonly documented abnormalities being the presence of an
antiphospholipid antibody (APLA), defects of activated protein C
resistance (including factor V G1691A) and elevated lipoprotein(a)
(23, 35, 36, 45-47). There is dso epidemiologic evidence that recent
infection with varicellaimparts a risk for arterial ischemic stroke (48,
49). Despite all of the known risk factors for ischemic cerebrovascular
accidents, approximately 1/3 of cases remain idiopathic (21-24).

Adolescents

After neonates, children age 11-18 years represent the next largest
cohort of children with clots. About 50% of pediatric thromboses occur
in this age group (1, 17). This rise in thrombosis coincides with a
coagulation profile that isin transition to the adult state, including an
increased potential to generate thrombin, a drop in the coagulation
inhibitor alpha-2-macroglobin, and increases in acquired risk factors
such as APLASs, smoking, and estrogen-containing oral contraceptives.

Diagnostic Studies

Imaging

Documentation of thrombosis in children presents its own set of
difficulties. Asin adults, the venogram is considered the gold standard
for the diagnosis of pediatric deep venous thrombosis (50, 51). Obtaining
the peripheral venous access needed for venography in a small child
frequently makes the study impractical if not impossible. For this
reason ultrasound is often used astheinitial imaging study for DV Ts of
the lower extremity and “distal” upper system (i.e. veins of the neck,
axillag, and arms). Several factors unique to pediatrics, however, may
interfere with the test — small diameter vessels, low pulse pressure, and
the likely presence of a CVL  the ste of a thrombus can make
compression of the vein in question difficult and the result hard to
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interpret (33). If an ultrasound result is negative or equivocal and the
clinical suspicion for a clot is high, a venogram should be obtained.
Diagnosisof DVT of theintrathoracic upper system (proximal subclavian,
innominate, superior vena cava) requires a venogram because of the
low sensitivity of ultrasound for detecting clots in this region (52, 53).
A prospective comparative evaluation of venography versus ultrasound
for diagnosis of asymptomatic deep vein thrombosis in the upper
venous system highlightsthereality that thereis no single gold standard
for evaluation of this region. Evaluation with either test alone had a
sensitivity of < 80%, and the combination of both tests is required for
accurate screening and evaluation of the upper venous system (51).

Pulmonary angiography isthe gold standard for diagnosing pulmonary
embolus in adults, but is difficult and potentially dangerous in small
children; lack of experience among pediatric radiologistsin performing
or interpreting the test further hinders its usefulness. A V/Q scan isthe
preferred test to document a PE in a child (50), but again, requires IV
access. Because of its non-invasiveness and fast scan time, a spiral
computed tomography scan is often obtained, although the study has
not been validated in children (54) and a V/Q scan or MR angiogram
needs to follow a negative or equivocal test when suspicion for PE is
high.

Thrombotic pediatric stroke s best diagnosed by MRI, with sensitivity
increased using perfusion imaging or magnetic resonance venography
(MRV)/magnetic resonance arteriography (MRA) (55); while con-
ventional cerebral angiography remains the gold standard, its practical
application is limited to specific diagnostic indications (56). CT scans,
athough fast, fail to detect a significant number of sinovenous
thromboses (34). Recently, transfontanelle power Doppler has shown
fair, although not equivalent, sensitivity when compared to MRI/MRV
for the diagnosis of neotnatal SVT (34). Theduration of the MRI/MRV,
in particular, and the necessity for the patient to remain relatively
motionless means that the child usually requires sedation. The need for
sedation to achieve adequate imaging studies in children is nearly
universal, and potential morbidity and logistics of sedation (coordinating
physicians’, nurses’ and technicians' schedule with the feeding schedule
of an infant) often limit imaging.

Because of advanced equipment, technica support, and extensive
experience at most children’ s centers, echocardiography isan excellent,
non-invasive test for right atrial clots. However, thereis some evidence
that echocardiography may not aways be sensitive for the diagnosis of
right atrium or inferior vena cava clots and that contrast venography is
the preferred diagnostic test for intracardiac clotsin thisage group (30).
There have been no studies comparing echocardiography with cardiac
catheterization (33).

Renal ultrasound with Doppler flow isthe recommended study for a
rena vein or artery thrombosis (29, 31, 32). Clotsin this area are most
frequent in small, sick neonates with umbilical catheters, so a non-
invasivetest isideal.

Laboratory Evaluation

In the approach to the child with thrombosis, it isimportant to avoid
the clinician’s usual inclination to find a single etiology for the event.
Instead, one must assume that the intersection of multiple risk factors
has produced the thrombosis. In most cases, some insult to the
endothelium will be present (e.g. indwelling vascular catheter, infectious
vasculitis) as well as some dysregulation of coagulation (e.g. sepsis,
congenital or acquired coagulation protein abnormality). Most pediatric
thrombosis patients should receive a broad investigation for congenital
prothrombotic states and acquired prothrombotic risks (Table 1).

For adult patients, an effort has been made to distinguish between
laboratory markers that are associated with venous versus arterial
thrombotic risk (57, 58). In children, these distinctions are even less
clear than in adults. Most prothrombotic factors have been associated in
children with events in both the arterial and venous circulation. As an
example, it has been advised not to screen for the Leiden mutation in
factor V (FVL) and activated protein C resistance (APCR) in adult
patientswith arterial thrombosis (58, 59). Series of pediatric thromboses,
venous and arterial, include children with APCR or FVL in the hetero-
zygote or homozygote state, or in combination with other prothrombotic
states (35, 60-66). The data has been recently reviewed (53, 54, 67, 68)
suggesting that very selective prothrombotic screens should be avoided,

Coagulation Proteins and Coagulation-

Lupus Anticoagulant

triglycerides

See also (23,36, 45-47, 53, 67).

**Especially if pulmonary embolism occurs in apparently well child (116).

established.

DNA-based Assays

based Assays FV G1691A*
Protein C FII G20210A
Protein S (activity; free and total MTHEFR C677TAM
antigen)

AT-III Serum-based Assays

Antiphopholipid antibodies**

Fibrinogen (include anticardiolipin®)
Plasminogen HomocysteineM
Lp(@*

Total Cholesterol, LDL, HDL,

*Ideally, do APCR in addition, but APCR should not substitute for DNA testing in pediatric patients
AStrongest association with stroke(23). Increased risk with Lp(a) at levels >30 mg/dl (33, 65)

A Preferably fasting homocysteine level; requirement for methionine load prior to testing is not currently
established. Independent significance of homozygous MTHFR T/T polymorphism in children remains to be

Tablel Suggested laboratory evauation for pro-
thrombotic risk
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as: 1) compound heterozygote states impart a greater risk of recurrence
than single defects (46) (23, 53), and need to be identified and 2) the
relative risks associated with different prothrombotic risks are not
established in children, and this information needs to be captured,
preferably in cooperative registries. A feasible exception may be in
children belonging to specific ethnic or racial groups in which the
prevalence of specific inherited mutations have been shown to be
extremely low (69-72). Dueto the racial heterogeneity of the population
in the United States, most investigators have not excluded screens for
factor V Leiden and prothrombin G20210A mutations, for instance, in
children who have experienced thrombosis. Some such exclusions
would likely be appropriate for screening large asymptomatic populations,
but there are currently no indications for such screening in children.

In addition to the specific thrombophilia evaluation suggested,
functional assays of fibrinolytic activity have been described, including
the euglobulin clot lysistest and the venous occlusion or tourniquet test
(fibrinolysis evaluated by comparative tPA and PAI-1 values before
and after a standard venous occlusion) (73, 74). Nevertheless, two
prospective adult cohort studies fail to support the utility of these tests
for predicting the risk of recurrent thrombosis or asanaid in guiding the
length of anticoagulant treatment following a first thrombotic episode
75, 76). Severa additional factors confound the usefulness of these
tests in children. Chief among these are the lack of standardization of
normals throughout childhood (77), the large number of variables that
can affect levels of PAI-1 and tPA (including sex, age, obesity, diurnal
variation, and variations with serum triglyceride, lipid, and insulin
levels) (74, 76, 77), and the technica difficulty of obtaining adequate
samples in small children. These assays may have vaue as research
tools or for evauation of patients suspected of having hemorrhage
resulting from too robust fibrinolysis, but do not have predictive value
for re-thrombosis and cannot be generally applied in the pediatric
thrombosis setting.

It is essential to remember that many abnorma results, with the
exception of DNA-based tests, need to be confirmed by repeating a
least 3-6 months after the acute thrombotic event. In particular, this
approach is required to distinguish transient acquired coagulation
abnormalities (e.g. consumption of protein C or S secondary to the
thrombotic event) from those congenital or acquired abnormalities that
represent an ongoing risk of recurrent thrombosis. The physiologic
normalsfor somevaues (e.g. protein C, protein S) in the premature and
first months of life are so low that moderate acquired loss of these
factors can lead to levels difficult to distinguish from congenital
deficiency. Testing the parents may help with confirmation of the
diagnosis acutely.

Outcomes of Thrombosis in Children

Efforts to validate guidelinesfor treatment of deep venousthrombosis
in adults appropriately target improvementsin short-term mortality and
morbidity. Prospective evaluation has begun into the primary outcomes
of death, pulmonary embolism (PE), and post-thrombotic syndrome
(PTS), as well as the incidence and patterns of recurrence following
childhood thrombosis. Death following childhood stroke occurs in
9-20% (21, 34, 38, 78) of children of al ages, athough this figure re-
presents all-cause mortality in children who generally have underlying
illness (e.g. cancer, cardiac diseases, sickle cell anemia). Prospective
studies of neonatal thrombosis report 9-18% (27, 29) all-cause mortality,
with approximately half of deaths attributable to thrombus. Two registries
following VTE in any location (79) or non-CNS VTE (17) each report
all-cause mortality of 15-17%, but DVT/PE related mortality of only

2%. The later study specifies that all DVT/PE-related deaths (9/405
patients) were in children with upper venous system CVLs.

Therisk of recurrence of childhood thromboembolism is reported to
be 21.3% in a selected population followed prospectively in the Child-
hood Thrombaphilia Study Group (CTSG-Germany) (46). The median
follow-up was 3.5 years after stopping anticoagulation; 31% of
recurrences occurred within the first 12 months off treatment, but
7 years follow-up was required to pick up amost 90% of the events.
The longer follow-up likely explains the higher recurrence rate than
reported in other recent prospective studies. The Canadian Childhood
Thrombophilia Registry (CCTR) reported a recurrence rate of 8.1% at
amean time of 6 months from initial thrombosis (17); 6.5% of children
with CVL-related thrombosis had recurrent DVT/PE (26). The Dutch
registry found 7% recurrence (18) with follow-up of < 1 year. There
was a very important effect of prothrombotic laboratory findings on
recurrent thrombosis in this population. Nevertheless, the recurrence
rates are much lower in some scenarios, such as SVT and AlS in the
neonate (1-5%) (33, 34, 38), and renal vein thrombosisin infants.

The incidence of PE in children, as a primary event or following
DVT, isunknown. PE is likely under-recognized in infants, who often
have underlying respiratory disease, and under-diagnosed given that the
most sensitive diagnostic tests for adults cannot be performed accurately
in children. While the CTSG cohort reports (46) 8/109 (7.3%) of child-
ren originally presenting with femoral vein thrombosis later have an
isolated PE, therisk is doubled if a central line staysin place, or in the
presence of cardiac malformation (17).

Conversaly, rend vein thrombosis in children is diagnosed increasingly
early in children. The mortality rate has fallen to < 5%, especially with
ingtitution of anticoagulation in extensive or bilateral thrombosis (29,
31). Renal atrophy, hypertension, and decreased urinary concentrating
ability are common, however.

The long-term outcomes of stroke in childhood differ from those in
adult stroke in that hemiparesis is less common, seizures are more
common, and eventual impairment is difficult to predict from the
initial symptoms. Approximately 40% of children with neonatal AIS
and 16% of children with neonatal SVT will have moderate to severe
neurologic impairments after two years follow-up (35, 37, 64); with
stroke onset later in childhood, AIS results in moderate to severe
neurologic deficits in > 50%, and SVT in about one quarter (22, 37).
Whether anticoagulant therapy can decrease lifelong neurologic
impairmentsin children is among the most pressing questions begging
pediatric clinical trials.

A complication that is increasingly recognized in children is the
post-thrombotic syndrome (PTS). In the PTS, thrombotic venous
obstruction resultsin distal pressure changes and valvular incompetence,
causing chronic venous stasis changes in the extremities. Symptoms
progress from swelling to pain, skin breakdown, and loss of function.
A recent report from Marzinotto et a. (80) reports PTS in 65% of 40
consecutive children with DVT, classified asmild in 52%, moderatein
13%. It is notable that in this group, radiologic non-resolution at 1 year
post-thrombosis approximately tripled the risk of the development of
PTS. Peters group (79) following 37 consecutive children with lower
extremity DVTs, found PTS (mostly mild) in 57%, 64%, and 82% of
those experiencing DV T asaneonate, child, or adolescent, respectively.
In addition, this group found that 11 of the 37 children had at least 1
prothrombotic risk on lab evaluation, and 100% of these children developed
PTSversus 50% of children who had negative prothrombotic laboratory
evaluation (79). The CCTR, with an average follow-up of 3 years,
estimates 12.4% of non-neonatal thrombi result in PTS (17). In this
cohort, PTS occurred secondary to lower venous system thrombosisin
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Table2 Suggested anticoagulant/thrombolytic therapy in infants and children

Anticoagulants
Agent Dosing Monitoring Reversal Agents  Adverse Effects
Standard Heparin (86) Loading 75 U/kg IV PTT Protamine Hemorrhage
Maintenance Anti-Xa level Osteoprosis
<lyear 28 U/kghrIV HIT
> 1 year 20 U/kg/hr
LMWH
Enoxaparin (86, 87) Treatment Anti-Xa level Protamine Hemorrhage
<2months 1.5 mg/kg ql2hr SQ (4-6 hr after dose) (incomplete) HIT (rare)
>2 months 1.0 mg/kg q12hr SQ
Prophylaxis
<2months 0.75 mg/kg q12hr SQ
>2 months 0.5 mg/kg ql2hr SQ
Reviparin (86) Treatment Anti-Xa level Protamine Hemorrhage
<5kg 150 U/kg q12hr SQ (4-6 hr after dose) (incomplete)
>5kg 100 U/kg q12hr SQ
Prophylaxis
<5kg 50 U/kg q12hr SQ
>5kg 30 U/kg q12hr SQ
Oral Anticogulant (86, Initial 0.2 mg/kg qd po (max. 5-10 mg) INR Vit K Hemorrhage
89) FFP
PCC
Thrombolytics
TPA (86, 94, 95, 97) Systemic PT, PTT Hemorrhage
Load 0.0 - 0.5 mg/kg fibrinogen
Continuous  0.01 — 0.5 mg/kg/hr platelets
Streptokinase (86) Systemic PT, PTT Hemorrhage
Load 2000 U/kg fibrinogen Allergic
Continuous 2000 U/kg/hr platelets
Urokinase(86) Systemic PT, PTT Hemorrhage
Load 4400 U/kg fibrinogen
Continuous 4400 U/kg/hr platelets

70% of children. These numbers are likely an underestimate, as PTS
may become symptomatic in adults a 5-10 years after thrombosis.
Although standardized grading systems for this complication exist for
adults (81), the different anatomic distribution of thromboses in child-
ren requires new standards, and instruments for scoring presence of
PTS in children are not validated. At least two groupsin North Ameri-
caare attempting to validate scales (80) (M. Manco-Johnson and North
American Pediatric Thrombosis Consortium, Personal Communication).

Cost analyses in adults who have had a single thrombotic event
suggest that the thrombosis patient is ten times more likely to have
further thrombotic complications than age and sex matched controls
and that the costs of such complications are 12 times those that develop
in controls (82). Thrombotic complications that occur in a child, prior
to attaining normal growth, motor development and adult achievement,
may carry a greater cost over the lifetime of a childhood thrombosis
survivor. There is reason to hope, however, that morbidity from
post-thrombotic syndrome, for instance, may be lower in children, with
the upper venous system not as susceptible as the lower system to the
effect of gravitational dependence aggravating valvular incompetence.
Nevertheless, the perception that children don’t experience the same
complications as adults may prove false, as appropriate attention and
measurement instruments are employed in cooperative study of
children who thrombose.

Treatment and Prophylaxis

Therapy may have asingle or multiple objectives. Children considered
at high risk for thrombosis are often treated prophylactically to prevent
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such events. Following athrombotic event, immediate therapy isaimed
at restoring blood flow and function, while long-term therapy is used to
prevent recurrence or extension of athrombosis. Therapy for thrombotic
events may consist of anticoagulation, thrombolysis or a combination of
the two. Few trials have been carried out specificaly in children to
optimize the use of the available therapeutic agents. Rather, data from
adult trials has been extrapolated to cover the pediatric population. With
the definition of differencesin the hemostatic and fibrinolytic systems of
the child versus the adult, some alterations have been necessary.

Anticoagulants
Heparin

The two forms of heparin available to the clinician are standard (or
unfractionated) heparin (UH) and low-molecular weight heparin
(LMWH). Standard heparin augments the natural actions of antithrombin
11 to inactivate thrombin, factor Xa and other activated factors, while
LMWHs primarily augment ATIII's action on factor Xa. Suggested
pediatric dosing regimens for standard heparin and some of the
LMWH’sare available and shown in Table 2. The higher dosestypically
required in younger children for either form may be due in part to
increased clearance or thelower levelsof ATIII inyounger children (7).

Adverse effects associated with the use of heparin include hemor-
rhage, osteoporosis and heparin-induced thrombocytopenia (HIT) (83).
A recent retrospective cohort study of the occurrence of HIT in the
Pediatric Intensive Care Unit demonstrated an incidence of 2.3%,
suggesting the incidence (although not the severity) of childhood HIT
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Table3 Suggested minimum duration of therapy with

anticoagulantsin children Event

Minimum Post-Thrombotic Therapy

Venous Thrombosis
Non-catheter related
Catheter related

Recurrent Venous Thrombosis
Non-catheter related

lifelong prophylaxis
Catheter related 3 months, treatment dose, then
prophylaxis dose until catheter removed
Arterial Thrombosis No evidence-based recommendations

3 months, treatment dose
3 months, treatment dose, then
prophylaxis dose until catheter removed

3 months, treatment dose, then

for duration in children

may be similar to HIT in adults (84). LMWH hasenjoyed anincreasein
usage due to a number of potentia advantages over standard heparin.
More stable pharmacodynamics permit more uniform dosing, less
frequent monitoring and twice daily dosing. Additionaly, studies in
adults suggest that LMWH carries less risk for heparin-induced throm-
bocytopenia (HIT) and osteoporosis (17, 85). Relative contraindications
to the use of heparin include significant active bleeding, risk for
significant bleeding (e.g. perioperatively, underlying bleeding disorders,
severe thrombocytopenia) and a history of HIT.

Standard heparin is typically monitored by prolongation of the partial
thromboplastin time (PTT), adjusting doses for a target range of
approximately 60-85 seconds or 0.3-0.7 U/mL anti-Xa activity (86).
LMWH monitoring is exclusively via anti-Xa levels, with a target
rangeor 0.1-0.4 U/mL for prophylaxisand 0.5-1.0 U/mL for treatment
doses (87, 88).

Oral Anticoagulants

Warfarin and other ora anticoagulants (OAS) have been commonly
used for long-term anticoagulation in both adults and children. As
vitamin K antagonists, OAs interfere with carboxylation of the vitamin
K-dependent factors (prothrombin, VII, IX and X) leading to lower
plasma activity levels for these factors and a decrease in thrombin-
generating potential. OA therapy is monitored via the prolongation of
the prothrombin time (PT), using the standardized INR. Target ranges
vary with the clinical situation, but aretypically an INR of 2-3 for most
purposes, and a higher range of 2.5-3.5 for patients with mechanical
heart valves. Typicaly, the ultimate dose per unit body weight is
inversely proportiona to the patient’s age (89).

Adverse effects of OAs include hemorrhage and teratogenesis.
Theoretical and animal models have raised concerns over the effect of
OAs on osteocalcin and bone mineralization in children. A small study
found abnormally low bone mineral density in children with and
without bone pain on long-term warfarin therapy (90). This finding
needs to be examined in larger studies. The incidence of serious
bleeding with long-term use of warfarin in pediatric patients appears to
be on the same order as that observed in adults, approximately 1% per
year (89). As a teratogen, the use of warfarin in pregnancy or those
patients with a significant risk of pregnancy is contraindicated. Other
contraindications to the use of warfarin include pregnancy or
significant risk of pregnancy and increased risks of bleeding as
discussed for the use of heparin.

Several issues make the use of OAs more problematic in children.
OAs are availablein tablet form and administration may be difficult in
smaller children. Variable dietary vitamin K intakein children, relatively
low levels of vitamin K-dependent factors in infants and aspects of
underlying medical conditions (including concurrent medications)
complicate the maintenance of stable therapeutic levels. Frequent
monitoring of the INR via venipuncture can be traumatic and technically
difficult in children, although the use of whole blood monitors requiring
only finger sticks may overcome this obstacle (89, 91).

Thrombolytics

Thrombolytic agents act by converting endogenous plasminogen to
plasmin, which then cleaves the fibrin clot. The three thrombolytic
agentsin use are urokinase (UK), streptokinase (SK) and tissue-plasmi-
nogen activator (tPA). Urokinase usage has declined due to recent US
FDA warnings over manufacturing deficiencies. Streptokinase carries
therisk of significant alergic reaction. Thus, a present tPA isthe agent
of choice in the pediatric population. As with anticoagulant therapy,
the primary adverse effect associated with thrombolytic therapy is
bleeding. The reported incidence of major bleeding complications in
children associated with thrombolytic therapy varies widely, from 0
to 39% (92-95) A retrospective study found an incidence of < 2%
intracranial hemorrhage, with the mgjority of cases occurring in
preterm infants (96). It appears the risk is dose-related and therefore
dosing ideally should be with the lowest effective dose. Contraindications
to thrombolytic therapy are more extensive than for anticoagulation and
include recent internal hemorrhage, Gl bleeding or major surgery,
thrombocytopenia, the presence of CNS lesions such as CVA within
the past year, head trauma, brain surgery or neoplasms. Relative
contraindicationsinclude bacterial endocarditis, uncontrolled hyperten-
sion, acute pancreatitis, active peptic ulceration and pregnancy.

Unfortunately, the large studies required to determine minimal
effective dosing have not been performed and a variety of dosing
regimens have been used (93, 96-98). While earlier reports described
tPA infusion rates of up to ~0.5 mg/kg/h, a recently reported dose-
finding experience in twenty children found that rates of 0.01mg/kg/h
(for catheter-directed local therapy) to 0.03 mg/kg/h (systemic therapy)
were both safe and efficacious (98). A more recent practice has been to
include concomitant low-dose heparin, to prevent clot progression and
suppress any procoagulant activity of thrombin exposed during clot
lysis. This practice does not appear to be associated with an increased
incidence of serious bleeding (93, 98).
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Indications

An extensive review of the evidence available to support indications
for prophylaxis and treatment of thrombotic disease in children has
been recently published (86). The more definitive indications are
summarized below.

Prophylaxis

Prophylactic anticoagulation may be either primary (prevention of
19 thromboembolism (TE) in high-risk Situations) or secondary
(prevention of new or recurrent TEsin patients with thrombosis). Asthe
risks for DVT are much lower than in the adult population, indications
for primary prophylaxisin the pediatric population are fewer.

Complete (homozygous) deficiency of protein C or Sin the newborn
period requiresimmediate and life-long therapy. Typically, these children
are managed with infusions of FFP until the diagnosis is made. There-
after, short-term management is accomplished with FFP infusions for
either deficiency; protein C concentrate for PC deficiency; or cryopre-
cipitate for PS deficiency. OAs are a common and effective choice for
long-term management (86, 99, 100). Heterozygous deficiency of PC, PS
and other heterozygous congenital thrombophilias are weaker risk factors
for thrombosis in childhood, with early thrombotic events starting late
in the second decade of life (101-103). Thereis no evidence to support
arecommendation for primary prophylaxis of such children.

Although LMWH and OAs have been demonstrated to reduce CVL-
related thromboses in adults, but attempts to conduct similar large-
scaletriasin children with CVLs havefailed (17, 104). At present, there
is not sufficient data regarding any prophylactic regimens to make
specific recommendations for children with central venous catheters.
Arterid catheterization in children (cardiac, umbilica, radia artery) is
associated with a high incidence of thrombotic events as well. In
contrast to venous catheters, there is sufficient evidence from clinical
trials to recommend primary prophylaxis with heparinization in the
case of arterial catheterization, as either a pre-procedure bolus for
cardiac catheterization or as a continuous infusion when umbilical
artery catheters are employed (86).

Thrombolysis

Indications for thrombolytic therapy are not uniform, but more
commonly include restoration of catheter patency and dissolution of
venous or arterial thrombi that are threatening life, limb viability or
normal organ function. A more recent proposal isthe use of thromboly-
tic therapy to reduce the incidence of post-thrombotic syndrome. As
discussed above, estimates of the incidence of post-thrombotic syndrome
in children have varied from 12 to 74% (17, 105). It has been suggested
that theincidence may be decreased with amorerapid dissolution of the
clot, with some clinical datain adults supporting this practice (93, 106).
The necessary pediatric clinical trials have not been conducted.

Other

Aspirin acts as both an anti-inflammatory and an anti-platelet agent,
both effects that may reduce therisk of certain thrombotic events. Aspirin
therapy in children with Kawasaki's disease is standard. Prophylactic
use in children with Blalock-Tausig shunts has been recommended
(86). Jacobs et d. (107), recently reported their surgical team’s experience
with prophylactic use of aspirin following Fontan procedures, which
strongly supports the ongoing multicenter randomized trial of aspirin
for this indication. In addition, the use of low-dose aspirin therapy
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as secondary prophylaxis of ischemic stroke in children has been
suggested, but its efficacy has not been demonstrated in the pediatric
population (47).

Indications for the use of antithrombin agents, in particular hirudin
analogues (hirudin, lepirudin, bivalirudin) and the thrombin active site
inhibitor argatroban, are being established in adults. Each of these
agents has a short half-life (<90 min) and there is no antidote to the
anticoagulant effect. These agents are useful in the treatment of
heparin-induced thrombocytopenia (HIT) and heparin-induced
thrombocytopeniawith thrombosis (HITT) in adults. No evidence-based
recommendations for pediatric use are available, although successful
use of hirudin for this complication has been reported in at least five
children (83, 108). Case reports also suggest danaparoid sodium has
efficacy in this scenario, athough the latter drug may require higher
doses per body weight in children than in adults (83, 109). The use of
argatroban for systemic anticoagulation during extracorporeal membrane
oxygenation in children has been proposed, but experiencein pediatrics
is extremely limited (110).

Compression stockings are widely used in the adult population.
Their effectiveness as primary prophylaxisfor DVT insurgical patients
has been demonstrated in multiple studies (111). Additionally, the use
of compression stockings following a first DVT appears to reduce the
incidence of post-thrombotic syndrome in adults (112). The use of
compression stockings has not been investigated in an adequate clinical
trial in children. Asthe cost of compression stockingsis not negligible,
the incidence of thrombosis in children is low, and compliance will
likely be low, their use as primary prophylaxis cannot be recommended.
However, the use of compression stockings as a means of preventing
post-thrombotic syndrome following DVT warrants investigation.

Perspective

Considerable progress in pediatric thrombosis management has
followed an increased awareness that pediatric thrombosis does occur,
that historical radiologic and laboratory detection and assumed pediatric
norms have been limited, that significant morbidity arises from
childhood thromboembolism, and that the incidence of childhood
thromboembolism is increasing. The trend in recent years toward
cooperative multi-ingtitutional and, recently, international studies has
accelerated understanding, for example, of pediatric outcomes (PTS,
recurrent thrombosis) and risks (congenital and acquired). The Canadian
Childhood Thrombosis Registry, the Canadian Pediatric Ischemic Stroke
Registry, the German Childhood Thrombophilia and Childhood Stroke
Study Groups, and the Pediatric Coagulation Consortium of the
Hemophilia Research Society and the American Society of Pediatric
Hematology/Oncology, have laid a framework for badly-needed
therapeutic trial sto establish treatment for children. Thesetrialsneed to
be designed with an appreciation of childhood hemostatic and pharma-
cokinetic differences from adults. The burden of capturing significant
numbers of pediatric events for these trialsis an obstacle that dampens
enthusiasm for support from pharmaceutical companies and peer
review funding. Nevertheless, this burden needs to be weighed against
the cost of poor post-thrombotic outcome and lost potential over the
entire lifetime of achild.
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