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Extracorporeal membrane oxygenation (ECMO) is becoming increasingly utilized to

manage neonates with cardiac and respiratory failure. The procedure involves extensive

anticoagulation in a sick neonate with underlying disease pathology. In addition, the

immature hemostatic system in the neonate adds to the complexity of titrating the

necessary anticoagulation. This places the infant at greater risk for life threatening

hemorrhage and thrombosis. Managing anticoagulation in these infants is extremely

challenging and needs the expertise of a physician with a thorough knowledge of

the intricacies of developmental hemostasis and limitations of the current laboratory

techniques available to manage anticoagulation. This article provides a brief overview

of the developing hemostatic system of the neonate and the challenges associated with

managing anticoagulation in this vulnerable population of patients.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a complex form of extracorporeal technology,
which is used as rescue therapy in patients with severe respiratory and/or cardiac failure refractory
to conventional treatment. Neonatal ECMO was first achieved in 1975 by Dr. Robert Bartlett for
a 1 day old with meconium aspiration (1). According to the 2017 Extracorporeal Life Support
Organization (ELSO) registry report, ECMO patients now consist of 44.8% neonate, 24.1%
pediatric, and 31.1% adult patients with over 40,000 neonates cared for with ECMO worldwide.
Despite improvements in technology and increasing clinical practice, hemostatic complications
including hemorrhagic and thrombotic events, remain important causes ofmorbidity andmortality
in neonates on ECMO. These complications are the result of exposure of the patient’s blood to
an artificial circuit as well as underlying patient factors. Anticoagulation is needed to prevent
thrombotic complications; however it also has an associated risk of increased hemorrhage.
In neonates, management of anticoagulation is particularly challenging due to the developing
hemostatic system. Additional risk factors for hemorrhagic complications include the immature
germinal matrix in premature born neonates, the development of disseminated intravascular
coagulopathy in neonates with sepsis and surgical and procedural interventions, which occur
frequently in this patient group. This review focuses on neonates on ECMO and addresses the
developing hemostasis, the epidemiology of the hemostatic complications and the monitoring of
anticoagulation, along with its challenges, in this specific age group.

DEVELOPMENTAL HEMOSTASIS

The exposure of blood to the foreign, non-endothelial materials of the extracorporeal circuit leads
to activation of coagulation, fibrinolysis, and acute inflammatory responses, shifting the hemostatic
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balance to a hypercoagulable state. Anticoagulation, usually
unfractionated heparin, is necessary to maintain patency of the
circuit and to reduce thrombotic complications (2). Especially
in neonates and young infants on ECMO, it is important to
take into account the developing hemostatic system. Although
all components of the hemostatic system are present at
birth, important differences exist among neonates, infants,
and adolescents. “Developmental hemostasis” has significant
consequences for the understanding and management of
coagulation in neonates and young infants treated with ECMO
therapy (3–5).

Platelets are essential for the primary hemostasis. The number
and size of platelets are almost identical between neonates
and adults (6). Response to agonists, however, is decreased in
neonatal platelets compared to adult platelets and platelets from
premature infants have even more profound hyporeactivity than
term infants (7). Despite this platelet hyporeactivity, healthy term
neonates and premature neonates have shorter bleeding times
and closure times (using a platelet function analyzer, PFA-100)
than adults (8–10). This inconsistency might be explained by
higher plasma levels of Von Willebrand Factor (VWF), higher
hematocrit, and a higher percentage of large VWF multimers
with increased adhesive activity in neonates than in adults
(11–13).

Secondary hemostasis consists of the cascade of coagulation
factors leading to the formation of insoluble fibrin. All
coagulation factors are produced by the liver and endothelial
cells of the fetus and measurable in the plasma at about
20 weeks’ gestation. The plasma levels slowly increase until
birth (12). At birth, plasma levels of most procoagulant
factors, including contact activation factors, and vitamin
K-dependent factors, are ∼50% of normal adult values,
which are reflected in the prolonged prothrombin time
(PT) and activated partial thromboplastin time (APTT)
(13). The levels of many anticoagulant factors, including
antithrombin, protein C and S are decreased, as well. During
the fibrinolytic process, tissue plasminogen activator (t-PA)
and urokinase convert plasminogen into plasmin, which
breaks down fibrin, releasing fibrin degradation products,
including D-dimer. At birth, plasma levels of most components
of the fibrinolytic system differ from older children and
adults (14). Plasma plasminogen levels are decreased in
neonates.

Despite all the aforementioned differences, healthy neonates
have normal hemostasis. Illnesses, however, may easily disturb
the hemostatic balance due to lack of reserve capacity,
triggering bleeding or thrombotic complications. Neonates
with thrombocytopenia, for example, can only increase
megakaryocyte number in the bone marrow, whereas adults can
increase both megakaryocyte number and megakaryocyte ploidy
to improve the number of platelets (15). In vitro, transfusion
of hyperreactive adult platelets into neonatal blood decreased
clotting time, potentially increasing the hypercoagulable state
or thrombotic risk in neonates (16). Furthermore, as discussed
below the immature neonatal coagulation system may influence
the monitoring and efficacy of heparin and use of thrombolytic
agents, when needed.

ECMO USE IN NEONATES

Since its first use in 1975 three trials have supported the use of
ECMO in the neonatal population (17–19) and as mentioned
above a growing number of neonates have been placed on ECMO.
Similar to children and adults, neonates may be placed on VV
ECMO (diverting blood back to the venous system) or VA ECMO
(diverting blood back to the arterial circulation). In addition,
neonates may undergo ECPR in which VA ECMO is initiated in
the setting of cardiopulmonary arrest.With regards to hemostasis
and thrombosis events, VV ECMO has the advantage of pulsatile
flow and allows the pulmonary bed to serve as a filter against
systemic thrombi. VA ECMO on the other hand, provides non-
pusatile flow, requires ligation of the carotid artery, and allows
for thrombi within the circuit to enter into systemic circulation
(20).

Physiologic criteria for ECMO respiratory support in
reversible cardiorespiratory failure include an oxygenation index
of >40, PaO2/FiO2 ratios of <60–80, a lack of response to
mechanical ventilation and other forms of rescue therapy, and
elevated ventilator pressures and/or signs of barotrauma. For
cardiac ECMO, patients should have evidence of poor oxygen
delivery and organ perfusion including hypotension despite use
of two medications and low cardiac output with evidence of
organ malperfusion, oxygen saturations <50%, or persistent
lactate>4.0. In addition to above, cardiac ECMO is also indicated
for pre-operative stabilization, patients who fail to wean from
cardiopulmonary bypass during cardiothoracic surgery, and
support during high risk catheter procedures (21).

While respiratory failure remains the number one indication
for neonatal ECMO (77%), the use of ECMO for cardiac
indications is growing (22, 23). The most common respiratory
diagnoses were congenital diaphragmatic hernia, meconium
aspiration, and pulmonary hypertension (22). With advances in
management of neonatal conditions perhaps fewer children will
require ECMO for pulmonary failure related to etiologies such as
sepsis and ARDS. At the same time ECMO is becoming standard
of care over medical management for many neonatal cardiac
conditions. While only representing 19% cases overall, 33% of
cases between 2009 and 2017 were for a cardiac indication. The
most common indication being congenital heart disease with
hypoplastic left heart being most common. In a single center
report of cardiac indications failure to wean for cardiopulmonary
bypass (25%), post-operative cardiac arrest (46%), low cardiac
output syndrome (21%), and hypoxemia (7%) were all recognized
indications for cardiac ECMO (24).

COMPLICATIONS OF NEONATAL ECMO

Regardless of the indication for ECMO and/or the type of
ECMO that is employed, there is a fine balance between the
complications of bleeding and thrombosis. This may be even
more intricate in the neonatal population given the complexities
of developmental hemostasis outlined above. ELSO defines
hemorrhagic events as those resulting in a transfusion of
>20 ml/kg/24 h or >3 units/24 h in either the gastrointestinal,
pulmonary, CNS, peripheral/mediastinal cannulation site, or
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surgical sites1. Themost common hemorrhagic event in neonates
is surgical site bleeding (12.4% respiratory and 29.1% cardiac),
followed by cannula site bleeding (18.2% respiratory and 10.7%
cardiac), and lastly GI (4.2% respiratory and 1.1% cardiac).
CNS hemorrhage occurred in 11.5% of neonates with a cardiac
indication and 6.4% with a respiratory indication, representing
the most common patient-related complication associated with
mortality (43 and 25% associated survival). Higher rates of CNS
hemorrhage were seen in neonates who underwent ECPR with
rates of 14.7%1.

In an expanded site specific study among eight institutions
rates of site specific bleeding events (defined blood loss requiring
transfusion or intracranial hemorrhage) were: surgical site
(35.5%), chest tube (30.3%), cannula site (29.6%), pulmonary
(9%), gastrointestinal (4.1%), genitourinary (4.1%), intracranial
(20.6%). Additionally, the overall estimated bleeding rate for
all children was 27.5 events per 100 ECMO days and 2.6 new
cases of intracranial hemorrhage per 100 ECMO days (25). Of
the neonates who survived to discharge there was no difference
in functional status score between infants who experienced a
bleeding event compared to those who did not, this however
does account for specific types of bleeding such as intracranial
hemorrhage which may decrease functional status to a greater
degree than other reported bleeding events (25).

Definitions for thrombosis in the ELSO database include those
that result in mechanical failure such as thrombosis in the circuit
component or those in the hemofilter. According to the ELSO
registry, 20% of patients require a circuit change or change
of components due to thrombotic issues. The ELSO database
only captures two patient- related thrombotic complications,
diffuse or localized CNS and limb ischemia. The study by Dalton
et al. reported more detailed information on patient-related
thrombosis (25). They found that ∼12% of neonates experience
a patient related thrombotic event (4.5% intracranial infarct,
3.4% limb ischemia, and 0.3% other). No infants suffered an
intracardiac thrombosis or pulmonary embolus, and only 2 had
thrombosis of the aortopulmonary shunt. A total of 33.7% of
neonates had circuit-related thrombotic events in this study. It is
possible that thrombotic events are not as appreciated secondary
to the fact that infarcts may undergo hemorrhagic conversion and
the inability for neonates on ECMO to undergo MRI.

At present ECMO is contraindicated in neonates <35 weeks
due to early reports of increased ICH in this population
accompanied by very poor overall survival (26). Since this
original report, however ECMO technology and supportive care
has increased greatly, perhaps improving outcomes for the most
vulnerable population. Despite this concern, compared to infants
who were 34 weeks, infants 29–33 had no difference in rates of
ICH (17 vs. 21%, p =0.20). Infants in this group did, however
demonstrate inferior survival (48 vs. 58%, p = 0.01) and higher
rates of cerebral infarct (22 vs. 16%, p = 0.03) (26). The authors
concluded that while statistically significant differences existed
with regards to survival and cerebral infarcts they remained
clinically acceptable and argued for a lower threshold of 29

1(https://www.elso.org/Portals/0/Files/Reports/2017/International Summary

January 2017.pdf)

weeks. For this group of patients, it is essential to properly
review of risks and benefits with family, and maximize medical
management (26).

PREVENTION AND MANAGEMENT OF
HEMORRHAGE AND THROMBOSIS IN
NEONATAL ECMO

Bleeding events in neonatal ECMO patients are usually
multifactorial and can be seen in more than half of the
patients. Anticoagulation, surgical site bleeding, consumptive
coagulopathy related to the circuit, and underlying disease are
primary causes. Management of bleeding differs according to the
etiology although common measures may be instituted. First, the
dose of anticoagulant can be decreased and/or temporary held
irrespective of the cause. Additionally, replacement with blood
products (platelets, FFP, cryoprecipitate, and packed red blood
cells) should be maximized to normalize coagulation.

Consumptive coagulopathy is a common and often difficult
to treat complication of ECMO. Thrombocytopenia occurs due
to consumption in the circuit and can be associated with
life threatening intracranial hemorrhage. Neonates on ECMO
should be closely monitored for this complication with head
ultrasounds. In view of the significant morbidity and mortality
associated with this complication most centers attempt to
maintain platelet counts greater then 100,000/cumm for at least
the first 72 h and subsequently will aim to keep the platelet
count higher than 50–75,000/cumm. In addition, fibrinogen
levels should be monitored and maintained at levels of >100–
150 mg/dl routinely using either cryoprecipitate (1 Unit) or FFP
(10 cc/kg). The INR should also maintained at <1.5–2.0. All of
these thresholds for blood product replacement have not been
adequately investigated and can be adjusted for the consideration
of patient complications such as bleeding, extreme fluid overload,
and signs of circuit distress. Acquired deficiencies of VWF as well
as FXIII have been reported in patients on ECMO and should be
considered in cases with severe bleeding despite normal platelet
count and normal fibrinogen levels.

In cases of severe life-threatening hemorrhage there are
reports of recombinant Factor VIIa being safely used, however
the potential benefit must also be weighed against the reports
for fatal thrombosis following use (27). While prothromboin
complex concentrates have been used for bleeding events in other
settings, there is no evidence to support their use in ECMO.
The propensity for thrombosis makes this an unlikely product
of choice in these patients who are already at an increased
risk of thrombosis. Few case reports have described the use of
PCC’s for the management of intraoperative bleeding during
placement on ECMO or cardiopulmonary bypass and one case
report describes the fatal massive thrombosis associated with
the concomitant use of recombinant FVIIa and PCCs (28). This
product would be an option to consider in life threatening
episodes of bleeding keeping in mind the significant increase
in risk of thrombosis, especially when used in conjunction
with recombinant FVIIa. Another approach has been the use
of the anti-fibrinolytic agent, aminocaproic acid, to resolve
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bleeding events and as pre-operative management for congenital
diaphragmatic hernia repair. One small study in 29 neonates
found aminocaproic acid use to be safe, although it did not
appear to influence the incidence of hemorrhagic complications
(29). Again further studies are needed to evaluate the safety
of adding in a product with potential thrombotic risk. Given
that both these agents carry a significant risk of thrombosis,
they must be used with extreme caution and should only be
used under supervision of a hematologist. In the setting of
profound ongoing circuit related coagulopathy and hemolysis,
management is limited to changing of components of the circuit
or the entire circuit.

Anticoagulation is imperative to prevent circuit and patient-
related thrombotic events. Most of the information on the
management of anticoagulation in neonates is extrapolated from
adult studies. In addition, the target ranges for anticoagulation
are based on venous thrombosis studies and have never been
validated for ECMO (30). These factors in the context of a
very sick child/neonate, a circuit with extensive contact of the
blood with artificial surfaces and large doses of heparin results
to many issues with monitoring of anticoagulation. The lack
of a unified protocol for management of anticoagulation and
the variability in circuits and cannulation sites only adds to the
potpourri of confusion. Despite, lack of standardized protocol,
the primary management is with unfractionated heparin (UFH).
UFH has the benefit of a short half-life and being easily
reversible with protamine. The efficacy of heparin in neonates
might be influenced by the reduced levels of antithrombin.
The binding of heparin to antithrombin increases the capability
of antithrombin to inactivate especially thrombin and factor
Xa by 100- to 1,000-fold. In neonates, low plasma levels of
antithrombin may challenge the ability to achieve a sufficient
anticoagulant effect using unfractionated heparin resulting in
“heparin resistance.” Many centers replace ATIII in an attempt
to optimize heparin anticoagulation. This can be accomplished
by infusing AT III concentrates (which can be expensive) or FFP
(may require large volumes of FFP). The optimal ATIII levels
and mode of administration necessary to optimize heparin effect
is unknown. Studies have not conclusively demonstrated benefit
from AT III supplementation, although some have demonstrated
decreased heparin doses with AT III supplementation (31, 32).
The effectiveness of antithrombin administration in neonates and
young infants on ECMO is unclear.

Use of alternative anticoagulants like Bivalirudin have been
reported but the lack of reversal agents, non-specific drug
monitoring, and concerns that targeted use of direct thrombin
inhibitors will not sufficiently address the amount of thrombin
generated by the contact pathway are major limiting factors.
Despite this, a potential benefit is that these agents bypass the
need for adequate antithrombin and the enormous difficulties
with heparin use in the neonatal population.

Occasionally, life-threatening thrombosis can occur on
ECMO. Outside of ECMO, thrombolysis is considered for
management of such a thrombosis. Systemic TPA is generally
contraindicated in neonates due to the high risk of bleeding, and
portends an even higher risk of bleeding in neonates on ECMO.
Furthermore, TPA may be limited due to decreased plasminogen

levels in neonates, as shown in some in vitro studies (33, 34). and
administration of plasminogen via FFP improved fibrinolysis in
cord plasma to adult values (33). While case reports demonstrate
successful use (35), this should only be considered after full
determination of the risks and benefits in consultation with the
family and hematology.

Additional strategies at reducing the complications of ECMO
have focused on changes to the circuit itself. As the blood
interacts with the surface of the ECMO tubing both the
coagulation and complement cascades are activated leading
to increased thrombosis risk. Heparin-coated cannula surfaces
result is a reduced complement and inflammation reaction,
and therefore are likely to reduce thrombosis. Bivalirudin
coated surfaces have also been proposed, however these surfaces
appear less successful at reducing alternative complement
pathway activation compared to heparin. Future directions,
include efforts to create true biocompatible surfaces, with
similarities to endogenous endothelium (36). Additional cannula
characteristics that can influence flow, turbulence, and thrombus
formation include catheter length, diameter, use of reprofusion
lines, location of cannulation, and side holes (37). All of
these may be even more critical when dealing with the rather
comparably small vessel size of neonates.

There are also differences in pump dynamics with the two
main pump types being roller and centrifugal. Roller pumps
come with the added cost of longer tubing which increases
the surface area of contact and potential for thrombosis, while
concerns exist about higher rates of hemolysis at low flow rates
with centrifugal pumps (37). Centrifugal pumps may also allow
for passage of micro-emboli not captured by the lung membrane.
As of 2011, the majority (85%) of neonatal centers are using roller
pumps (37). Changes to the design of centrifugal pumps and
low flow oxgenators may mitigate some of these concerns. These
differences in pump characteristics, however make comparisons
of anticoagulation strategies difficult to directly compare across
centers.

MONITORING ANTICOAGULATION IN
NEONATAL ECMO

Management of anticoagulation has been controversial in
patients on ECLS/ECMO even prior to the broadening
of indications for placing neonates on ECMO/ECLS. The
armamentarium of tests available to monitor anticoagulation
have inched up with time but no significant progress has been
made to determine the adequate or ideal test or tests to adequately
manage anticoagulation.

The standard tests of coagulation used to monitor UFH,
which is still the most commonly used anticoagulant in
ECLS/ECMO, include the Activated Clotting time (ACT),
aPTT, Unfractionated Heparin Assay (UFH assay), and more
recently some centers are also incorporating the newer
global assays of coagulation like Thromboelastography
(TEG R©)/Thromboelastometry (ROTEM R©). Each of these
has some advantages and disadvantages when used for this
purpose. Table 1 provides an overview of the tests currently
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TABLE 1 | Tests used to monitor anticoagulation on ECMO.

Test What it measures Factors other than Heparin/anticoagulation

affecting the results

Recommended target values

in uncomplicated ECMO

ACT Time for whole blood to clot when

activated with kaolin or celite

Coagulation factor deficiency/dysfunction,

thrombocytopenia, elevated d-dimers, infection,

hypothermia, hemodilution

180 – 220 s

aPTT Time for recalcified, citrated, platelet poor

plasma to clot when activated with an

intrinsic pathway activator such as Kaolin.

Micronized silica or ellagic acid

Coagulation factor deficiency/dysfunction,

hyperlipidemia, hyperbilirubinemia, anti-phospholipid

antibody, elevated CRP, hemodilution

50 – 80 s

Anti-Xa Chromogenic measure of the inhibition of

factor Xa by heparin in plasma

Elevated levels of hemoglobin, lipids and bilirubin 0.3 – 0.7 IU/ml

Viscoelastic testing

TEG®/ROTEM®
Whole blood assay that measures from

clot formation to lysis, using an

activator—Kaolin or Tissue factor

Thrombocytopenia, coagulation factor deficiency TEG®

R time: unknown

ROTEM®

CT INTEM: unknown

CT EXTEM: unknown

in use to monitor anticoagulation in neonates and children on
ECMO.

The ACT is the most widely used test for the monitoring
of UFH, and is available at the bedside in real time. Per ELSO
guidelines, the ACT is usually titrated to be between 180 and 220
in patients without any bleeding or thrombosis.

The aPTT is the next most common test that is readily
available and used for titration of heparin and monitoring of
anticoagulation. The baseline aPTT is prolonged in neonates
making monitoring using aPTT difficult (38). On the other hand,
the recommended target aPTT of 50–80 s can sometimes be a
challenge to achieve as both FVIII and Fibrinogen are usually
elevated as acute phase reactants in neonates on ECMO.

The Anti-Xa essentially measures the UFH-ATIII complex
levels and is more specific to the assessment of heparin effect as
it is not affected by abnormalities in other coagulation proteins.
It is important to remember that neonates have lower levels
of endogenous ATIII. This is especially important as there
are 2 types of Anti-Xa assays available commercially. Some
where the reagents include excess ATIII to normalize the ATIII
(e.g., Berichrom R© Heparin) and other assays which does not
normalize ATIII (e.g., BIOPHEN Heparin 6 R©) and may be
a better reflection of the inhibition of Factor X by UFH in
the neonatal population. Furthermore, younger children and
neonates appear to have higher APTT ranges corresponding to
therapeutic heparin levels (anti-factor Xa of 0.35–0.70 IU/mL),
compared to adults (39). Therefore, the use of anti-factor Xa
levels, possibly in combination with APTT, seems to be required
in management of unfractionated heparin in neonates and young
infants on ECMO.

Global assays of coagulation such as viscoelastic assays (TEG R©

or ROTEM R©), are only recently being explored for use in
monitoring anticoagulation in ECMO. These assays measure the
viscoelastic properties of the blood and can provide information
on clot dynamics and also evaluate fibrinolysis (40, 41). They
can be done at the bedside like the ACT but are not available
at most centers. The major advantage of these types of assays

is the fact that it is the only assay available to evaluate clot
strength. While these assays are considered more physiologic, the
lack of flow and endothelium in the assay are a major limitation
to the claim. In addition, therapeutic ranges for monitoring
anticoagulation using TEG/ROTEM have not been established.
The Thrombin generation assay (CAT R©) is another global assay
for studying coagulation and may be considered for evaluation
of thrombin generation potential in patients on ECMO. While
there is no evidence currently, of the utility of this assay in
this situation, there is the theoretical possibility that it may be
helpful in assessing the risk of thrombosis or bleeding. This is
a plasma based assay, but can be done with or without platelets
allowing the ability to evaluate the interaction between cellular
and enzymatic factors of coagulation. The major disadvantages
are that this is still a research test and the results may not be
available in real time by the methods currently in use.

Basic monitoring of anticoagulation should be evaluated given
that there are many variables that could affect the measurement
of anticoagulant effect and then the results of these various assays
should be correlated and linked to the occurrence of bleeding or
thrombosis in patients on ECMO.

The ideal assay/combination of assays to monitor
anticoagulation on ECMO/ECLS still remains to be determined.
Several studies have tried to determine if the aPTT or AntiXa
or ACT is the best reflection of heparin anticoagulation (42, 43)
but controversies remain. This is a challenge to most physicians
managing neonates and children on ECMO. Other studies have
also shown no correlation between the results of the coagulation
assays and the occurrence of bleeding or thrombosis (25, 44).
The addition of the viscoelastic assays to the lab armamentarium
has shown some positive correlations although not consistently
(45, 46). These assays allow us to evaluate the coagulation status
of the patient with and without heparin, therefore allowing
us to differentiate an underlying coagulopathy not related to
heparin effect itself from surgical causes of bleeding. Some of the
inconsistencies in the correlation between routine coagulation
assays and heparin dose may be attributed to the effects of

Frontiers in Medicine | www.frontiersin.org 5 October 2018 | Volume 5 | Article 289

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Van Ommen et al. Neonatal ECMO

plasma free hemoglobin and elevated bilirubin levels on these
assays (47), and it becomes very important for the physicians
managing the patient to be aware of these effects. Being able
to put the lab results in the context of the clinical picture and
taking into consideration issues related to the circuit, become
critical to the optimal management of these patients. So while
we may never be able to define one “ideal coagulation assay,” a
“combination of ways to assess coagulation,” may be the best we
can do.

NEXT STEPS

Optimizing the circuit to prevent thrombotic complications and
eliminating the need for anticoagulation is perhaps the most
sought after option. Since contact pathway activation in the
ECMO circuit is a major driver for thrombosis, investigators are
trying to get a better understanding of the role of Factor XII
and Factor XI in thrombosis to determine the safety of inhibiting
these factors to prevent thrombosis.

FXII plays an important role in both inflammation and
coagulation via bradykinin and thrombin, respectively. While
FXII deficiency was previously thought to be a risk factor for
thrombosis, a FXII deficient mouse model (FXII−/−) shows
severely impaired thrombus development in both the arterial
as well as venous system, indicating that FXII is necessary for
thrombosis. On the other hand these mice also do not have an
increased spontaneous or traumatic bleeding, which has since
been confirmed in rabbits and baboons as well. Since activation
of FXII via contact with the ECMO circuit is associated with
increased thrombosis, anti FXII antibody is an attractive option
to target thrombotic risk without increasing the risk of bleeding.
A fully humanized monoclonal IgG (3F7) to FXII was shown
to be effective in preventing thrombosis in the rabbit ECMO
model by Larsson et al. (48, 49). FXI like FXII is a contact
pathway activator, and its primary substrate is FIX but it can
also activate Factors V, VIII and X. FXI deficiency in humans
is associated with a bleeding diathesis unlike FXII deficiency.
Studies have shown that FXIa activates thrombin which in turn
activates Thrombin Activatable Fibrinolysis Inhibitor (TAFI)
making the clot resistant to fibrinolysis. Similar to FXIIa−/−

mice, FXIa−/− mice are also resistant to thrombosis. Phase 1
studies in humans with Antisense Oligonucleotides (ASO’s) have
shown decreased plasma levels of FXI with no excessive bleeding.
Subsequent phase 2 studies in adults for preventing VTE in
patients undergoing total knee arthroplasty, showed that the
ASO successfully prevented thrombosis without any increased
risk for bleeding, making this a potential attractive option for
preventing thrombosis in patients on ECMO circuits as well
(50, 51).

Nitric oxide polymers, heparin bonding of the ECMO
catheters, and improvement in the oxygenator technology are
also promising next steps.

The mortality related to cardiac and/or respiratory failure
in neonates has decreased on account of the advancements
in technology like ECMO. Although there have been great

strides, we have far from eliminated the complications of
bleeding and thrombosis related to ECMO. Understanding the
pathophysiology of thrombin generation in ECMO, finding
optimal ways to monitor anticoagulation and potentially
eliminating the need for anticoagulation will be the future,
especially for this most vulnerable population.

CONCLUSION

There are no standard protocols for anticoagulation in ECMO.
There is significant variability in the type of cannulation, the
materials that are used to manufacture the components of
the circuit, the components (the use of a bladder etc.) that
constitute the circuit itself as well as surgical techniques used
for cannulation. All these factors play a very important role
in the initiation of coagulation and thereby influence the
complications associated with ECMO. In addition to all these
factors, the availability of laboratory support for the management
or monitoring of anticoagulation also differs significant from
center to center. This variability results in significant difficulty
associated with the development of standardized protocols for
the management of ECMO across different centers. Above all,
it is important to note that, the assessment of coagulation as
it stands today, involves the measurement of “time to initiate
coagulation.” The currently available assays (ACT, PT, APTT)
do not measure “thrombin” which is the end result of initiation
of coagulation nor the final product of the process which
is the “clot.” Also, all the current assays are plasma based
assays and do not measure the contribution of platelets to
the formation of the clot. These are significant limitations in
our current ability to monitor anticoagulation and need to be
addressed moving forward. The newer global assays like the
TEG R©/ROTEM R© or CAT R© may offer alternatives to measuring
the thrombin generation capacity in these patients, but need
to be studied to determine their real utility in this patient
population. Small single center studies with controversial results
or studies across different centers with variability in circuits
and surgical techniques add to the confusion. Unifying our
protocols, starting from circuits and surgery to monitoring of
anticoagulation is extremely difficult but will allow us to study
this vulnerable population in a better and more efficient manner
and will assist us in instituting changes that will ultimately
be life saving and decrease complications associated with
ECMO, until the time when non-thrombogenic circuits become
available.
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