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There is a delicate balance between bleeding and clotting in patients on circuits such as ventricular assist devices or
extracorporeal membrane oxygenation. Traditional coagulation tests, prothrombin time, activated partial thromboplastin
time, and anti-factor Xa levels, are used to monitor patients on these devices. However, turnaround times and inability to
assess global hemostasis, including platelets and fibrinogen have contributed to a recognition that faster, accurate, and
more informative coagulation tests are needed. Activated clotting time is used to monitor heparin in patients on circuits
and has the advantages of being a near-patient point-of-care test. However, its utility is limited to heparin monitoring.
Viscoelastic tests (thromboelastometry and thromboelastography) are global, whole-blood coagulation tests, and
whole-blood platelet aggregometry evaluates platelet function. Ideally, these tests can ensure that patients are within
the therapeutic range of their antithrombotic medications, identify patients at risk for hemorrhagic or thrombotic com-
plications, and guide management of acute bleeding complications. This ideal is currently hampered by a lack of studies
that delineate clear ranges that are clinically relevant. Future research is needed to better understand the optimal use of
point-of-care coagulation testing in patients on extracorporeal circuits and ventricular assist devices.

Learning Objectives

• Gain a general understanding of the point-of-care tests that can
be used in patients on circuits

• Identify the role these tests can play in guiding anticoagulation
and antiplatelet therapies in patients on circuits

• Assess the utility in using these tests to manage hemorrhagic or
thrombotic complications in patients on circuits

Introduction
The use of left ventricular assist devices (LVADs) and extracorporeal
membrane oxygenation (ECMO) is expanding among both adult
and pediatric patients.1,2 These devices provide critical support to
patients with life-threatening cardiac (LVADs and ECMO) and
pulmonary (ECMO) failure. In the setting of potentially reversible
pulmonary failure, ECMO can be used to support patients for whom
conventional ventilatory strategies fail.2 ECMO can also be used
in patients with potentially reversible cardiogenic shock (and can
provide short-term support) or as a bridge to a more definitive therapy
such as LVAD or heart transplant.2 In some cardiac failure patients
for whom transplant is not an option, LVADs are starting to be used
as destination therapy.

Anticoagulation is a necessary adjunct to the use of these circuits.
The same primary and secondary hemostatic responses that protect
us when blood comes into contact with damaged endothelium or
a foreign surface are detrimental to ensuring smooth and interrupted
blood flow through the circuit. Heparin is the most commonly used

anticoagulant in circuits because of its short half-life and easy
reversability.3 Unfractionated heparin (UFH) binds antithrombin
(AT) and subsequently activates 2 mechanisms to downregulate
procoagulant factors. The AT-heparin complex binds and in-
activates both thrombin and activated factor X (Xa). In patients
on ventricular assist devices (VADs), antiplatelet medications includ-
ing acetylsalicylic acid (ASA; cyclooxygenase inhibition), dipyridamole
(a phosphodiesterase inhibitor), and clopidogrel (adenosine 59-
diphosphate [ADP] receptor antagonist) are a part of the anticoagulation
management plan. For long-term anticoagulation, patients on VADs
are frequently transitioned from UFH to either low-molecular-weight
heparin (LMWH) or a vitamin K antagonist (VKA).

The role of coagulation testing in patients on circuits is to ensure that
patients are within the targeted range of anticoagulation to minimize
the risks of bleeding that can occur when patients are overly anti-
coagulated as well as avoid the thrombotic complications that occur
in patients who are not adequately anticoagulated. Point-of-care
(POC) testing can provide clinicians with real-time information
on which they can base clinical management. Additionally, some of
the POC tests can assess platelet function and degree of inhibition
caused by specific antiplatelet medications. This article will compare
POC tests with traditional coagulation tests and discuss the role POC
testing can play in clinical decision-making and whether POC testing
improves patient outcomes.

Standard coagulation tests
The prothrombin time (PT) and activated partial thromboplastin time
(aPTT) are plasma-based tests of coagulation.4,5 Both of these tests
are run using platelet-poor plasma made from citrated whole blood
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and activating reagents. Although different manufacturers may in-
clude different activators, in general, the aPTT reagent contains
calcium, phospholipid, and a contact pathway activator (silica,
celite, kaolin, ellagic acid, polyphenolic acid)5; the PT reagent
contains calcium and thromboplastin.4 Following addition of the
reagents, time to clot formation is measured. Clot formation can be
detected through optical means with respect to a change in opacity or
mechanically with respect to a change in consistency of the reaction
mixture.4,5 Both the PT and aPTT can be prolonged by deficiencies in
factors in the common pathway: I, II, V, and X. Prolongation of the
aPTT can be due to deficiencies in factors in the contact pathway
such as high-molecular-weight kininogen; prekallikrein; and factors
VIII, IX, XI, and XII. It can also be prolonged by the presence of
UFH or lupus anticoagulants.5 PT measures activity of the tissue
factor pathway and isolated PT prolongation is specific for factor VII
deficiency.5 The international normalized ratio (INR) was developed
to account for differences between laboratory PT reagents and stan-
dardize VKA therapy monitoring.

The anti-factor Xa (anti-Xa) assay measures the inhibition of
activated factor X by the AT-heparin (UFH or LMWH) complex.6

Like the PT and aPTT, the anti-Xa assay is run using citrated
platelet-poor plasma. The anti-Xa assay is specific to the effect
of heparinoids and is not affected by deficiencies in other co-
agulation factors. Some laboratories perform the 2-stage anti-Xa
assay in which excess AT is added to the patient sample making
heparin the rate-limiting reagent in the inhibition of Xa, which
provides a precise quantification of heparin (either UFH or
LMWH) in the patient sample. The 1-stage assay does not add
excess AT and provides a more accurate assessment of in vivo
anticoagulation because the patient’s AT and heparin levels are
both rate-limiting reagents in this assay. The disadvantage to the
1-stage method is that it cannot distinguish AT deficiency from
insufficient heparin.

The aPTT and anti-Xa levels are directly correlated in patients on
UFH (r2 ranges, 0.55-0.61)7,8; however, when comparing therapeutic
ranges there can be significant discordance.7 This discordance is
likely due to the fact that anti-Xa levels are specific to the heparin
plus or minus AT effect, whereas aPTT can be prolonged by nu-
merous factors that are not associated with heparin effect. Adatya and
colleagues found that only 32% of patients on a VAD whose aPTT
was between 60 and 100 seconds, which was their therapeutic range,
had a corresponding anti-Xa level (using the 1-stage assay) between
0.3 and 0.7.7 The remaining 68% of patients who had an aPTT
between 60 and 100 seconds had anti-Xa levels,0.3. No patient was
supratherapeutic according to anti-Xa in the case of aPTT being
within or below the therapeutic range. Patients whose aPTT was
discordantly prolonged compared with anti-Xa level were more
likely to have an INR. 1.5, suggesting that decreased levels of other
coagulation factors may have prolonged the aPTT rather than heparin
effect.7 The use of anti-Xa level to monitor UFH in patients on
ECMO rather than ACT has been shown to reduce number and
volume of blood draws for monitoring purposes, extend time to
first circuit change, and reduce transfusions and doses of activated
factor VII.9-11

Although these tests have a role in monitoring anticoagulation
medications, they present several limitations in providing real-time
information to clinicians who need to provide timely and targeted
therapies to patients, particularly those with bleeding or clotting
complications.

Point-of-care tests
Activated clotting time
The activated clotting time (ACT) is a common test to monitor
anticoagulation in patients on circuits when continuous heparin is
being administered.12 It was first described by Hattersley in 1966;
heparin prolongs the ACT in a dose-dependent manner.13 The ACT
is a whole-blood test that uses an activator, usually celite, kaolin, or
glass beads, to initiate clotting via the contact pathway, with many
advantages over laboratory-based coagulation tests such as the PT
and aPTT: as a whole-blood test, the ACT can be performed on
a bedside machine, requires a small sample volume, and can be
performed by nonlaboratory personnel.12 The ACT is indicative of
inhibition in the contact and or common pathways. Therefore, like
the aPTT, although it is sensitive to the effects of heparin, it loses
specificity as factors other than heparin can lead to prolongation such
as hypothermia, coagulation factor deficiencies, and hemodilution.

Viscoelastic testing
Viscoelastic (VE) testing, first developed in 1948, is a general term
for various commercially available tests that use whole blood to
derive a number of parameters pertaining to the quality of thrombus
formed over time.14 Thromboelastography (TEG) and rotational
thromboelastometry (ROTEM; TEM International GmbH, Munich,
Germany) are the 2 most commonly used tests and are both marketed
as POC tests.15 In general, the strength of the clot formed is measured
by a torsion wire or pin. In TEG, the wire remains stationary while
the cup oscillates through 4°459 every 5 seconds; in ROTEM, the cup
remains stationary while the pin oscillates 4°759 every 6 seconds.16

As the clot forms and strengthens, the oscillations are impeded and
both the TEG and ROTEM systems detect and translate change in
oscillations into the various measurements analyzed. Due to the
freestanding wire used in the TEG system, this test is sensitive to
vibration, which can produce inaccurate results, making it less
suitable for use in the operating suite or at the patient’s bedside.15-17

Both TEG and ROTEM display results both locally and remotely,
real time, as the clot is being formed in the test, enabling clinicians to
act on these results as they become available. Depending on the
system used and the coagulation parameter being measured, results
can be available within 5 minutes (for measurements of coagulation
factors) whereas others can take longer (usually 15-30 minutes for
measurement of platelet function and up to 60 to 90 minutes for
completion of fibrinolysis).15-17 Table 1 shows the different co-
agulation parameters measured by TEG and ROTEM.

Various reagents in both TEG and ROTEM can evaluate both the
contact and tissue factor pathways. Both TEG and ROTEM have
heparinase-containing reagents for use in patients on heparin. Ob-
viously, these heparinase-containing tests cannot be used to measure
heparinization but can remove the heparin effect to evaluate the
other clotting factors. The maximal clot firmness (MCF; ROTEM)
and maximum amplitude (MA; TEG) are affected by platelet quality
and quantity, fibrinogen, and factor XIII. A study of neonates on
cardiopulmonary bypass found that Extem A10 (clot firmness
10 minutes after clotting time [CT], an early and accurate predictor
of Extem MCF 0.99) correlated with platelet count (R 5 0.89) and
that A10 of .46.5 had a 88% sensitivity and specificity for iden-
tifying patients with platelet count .100 000 platelets per microli-
ter.18 Discriminating between decreased platelet function and decreased
platelet count based on MA or MCF alone is nearly impossible, though
it is thought that ROTEM and TEG are more sensitive to platelet count
than function. In vitro, platelets inhibited by abciximab (a monoclonal
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antibody that blocks glycoprotein IIbIIIa) showed decreased clot
strength compared with noninhibited platelets; however, a sample with
a platelet count of ~225000 platelets per microliter inhibited by
abciximab had approximately the sameMA as a sample of noninhibited
platelets at a concentration of 40 000/mL.19

TEG also has platelet mapping (TEG-PM) reagents, which evaluates
clot formation using ADP or arachidonic acid (AA) to assess platelet
responsiveness in patients on P2Y12 inhibitors or cyclooxygenase
inhibitors, respectively.15 ROTEM does not have the equivalent
reagents, but does include a nonactivated test that can ostensibly be
customized to mimic TEG-PM. Additionally, ROTEM has a reagent
(Fibtem; TEM International GmbH) that contains cytochalasin D,
a platelet inhibitor, which distinguishes the contribution of platelets
from that of fibrinogen to the clot strength. The Fibtem MCF is
specific for the contributions of fibrinogen and factor XIII, whereas
the Pltem (TEM International GmbH) MCF (ExtemMCF2 Fibtem
MCF; TEM International GmbH) is specific for platelet contributions
to the clot strength.18,20

Whole-blood platelet aggregometry
Whole-blood aggregometry (WBA), or impedance aggregometry,
has 2 electrodes and an electrical current flows between them.
Whole-blood samples anticoagulated with either sodium citrate or
hirudin are stirred and warmed to 37°C. After a platelet agonist is
added, the platelets activate and aggregate to each other and the
electrodes, thereby impeding the flow of the electrical current.21 This
impedance is measured by the instrument and translated into “ag-
gregation units,” which are measured over time. The area under this
curve (AUC) encompasses the lag time until aggregation begins,
maximum velocity, and maximum aggregation units and is con-
sidered the most clinically relevant predictive value.22 Agonists such
as ADP or AA can detect inhibition by antiplatelet medications.22,23

Heparinization up to a concentration of 20 U/mL has no effect onWBA
measurements; however, protamine appears to reduce aggregation.24,25

It is uncertain whether protamine reduces aggregation both in vitro and
in vivo or whether the highly positively charged peptide interferes with
the electrical measurements used by the test.25,26

Guiding anticoagulation and antiplatelet therapies
Anticoagulation strategies for patients on ECMO differ from those
for patients on VADs. In patients on VADs, the balance between
bleeding and clotting is a difficult one to achieve.27 Most antith-
rombotic protocols for patients on VADs include an anticoagulant
(UFH, LMWH, or warfarin) and antiplatelet therapy (ASA mono-
therapy in adults or ASA and dipyridamole and/or clopidogrel in
pediatric patients). Unfortunately, with many of these medications,

a one-size-fits-all dosing regimen does not work, and doses need to
be titrated based on response. The majority of trials in adult patients
use aPTT to monitor UFH, anti-Xa levels to monitor LMWH, and
INR to monitor warfarin.28 In most adult trials, antiplatelet medi-
cations were not adjusted based on platelet function testing.28,29 In
pediatric patients, the most commonly used protocols use standard
testing, anti-Xa level, or aPTT to monitor UFH, or alternatively
suggest maintaining a TEG kaolin R time between 8 and 15
minutes.30-32 It also uses the TEG MA as a threshold for starting
antiplatelet medications as well as TEG-PM to adjust the dose to
ensure at least 70% inhibition with AA and a G (measure of clot
strength) ,8 in response to ADP.30,31

A small, retrospective study of 9 pediatric patients on VAD support
compared TEG-PM toWBA to monitor platelet inhibition and found
that both testing modalities had high-level variability in AA and ADP
inhibition despite steady-state dosing of the medications.33 Addi-
tionally, although this study found a significant correlation between
TEG and WBA results in response to AA (correlation coefficient 5
20.73; P5 .03), in patients where the WBA aggregation units (AU)
was ~25 (,30 AU is consistent with inhibition),34 percent inhibition
demonstrated by TEG-PM ranged from 0% to 100%.33

In 26 adults on long-term, home VAD support, Majeed and col-
leagues monitored platelet inhibition using bothWBA and TEG-PM,
defining ASA hyporesponsiveness by a ,50% reduction in maxi-
mum impedance or MA, respectively.35 They found that in 52% of
the 656 samples, WBA detected ASA hyporesponsiveness, whereas
TEG identified hyporesponsiveness in 10% of these samples.35

There were 14 thromboembolic events in 8 patients. Six (43%) of
these events were in patients who were hyporesponsive to ASA by
WBA and 1 (7%) occurred when hyporesponsive as measured
by TEG. However, due to the high coefficient of variability in WBA
and TEG (57% and 567%, respectively), there was no significant
association between thromboembolic event and ASA hypores-
ponsiveness measured by either instrument.35

Karimi et al used TEG to monitor 57 patients on antiplatelet therapy
(ASA and dipyridamole in 35 patients, ASA alone in 16 patients)
on HeartMate II (Thoratec Corporation, Pleasanton, CA).36 ASA and
dipyridamole were titrated to a TEG-MA of 60 to 70 (normal range,
55-73).36 Of the 57 subjects, 17 (30%) had bleeding complications and
5 (8.8%) had thromboembolic complications. There was no difference
in TEG-MA or INR at times of routine follow-up vs when bleeding
or thromboembolic complications developed.36 However, within their
cohort, the late-onset or gastrointestinal bleeding rate was 0.21 events
per year compared with an average of 0.49 found in 7 prior published
studies, and the authors suggest dose-adjusting antiplatelet medica-
tions based on TEG-PM contributed to this lower bleeding rate.36

In contrast to the multifaceted antithrombotic approach in patients
on VADs, UFH as monotherapy is the most commonly used anti-
coagulation strategy in patients on ECMO; antiplatelet medications
are not used.3,37 The majority of institutions surveyed use either
aPTT (41.7%) or ACT (41.7%) as the primary test to monitor UFH.
An additional 10.4% use anti-Xa levels and 8.3% (n 5 4) use VE
testing.3 Fifteen of the 48 respondents use VE as their secondary
anticoagulation test, and of those 19 institutions, 15 (79%) use TEG
instead of ROTEM.3

There have been some small studies looking at heparin monitoring
using ROTEM or TEG compared with aPTT or anti-Xa, and the

Table 1. Coagulation parameters measured by viscoelastic testing

Coagulation parameter
measured ROTEM TEG

Coagulation proteins
(contact and/or tissue
factor pathways)

Clotting time R value (reaction time)

Thrombin and fibrin
generation; fibrin
cross-linking

a angle and clot
formation time

K value and a angle

Platelet binding of fibrin
and cross-linking by
factor XIII

Maximum clot
firmness

Maximum amplitude

Fibrinolysis Clot lysis LY30 (lysis at 30 min)
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results are mixed. Ranucci and colleagues found that in general,
TEG R time did not consistently correlate with aPTT and had poor
predictive value with respect to determining whether the aPTT was
out of range (54.8% for shortened aPTT and 38.5% for prolonged
aPTT).38 However, in combination, ACT and TEG R time were able
to predict whether the patient’s aPTT was within therapeutic range
(71% positive predictive value for supratherapeutic aPTT and 83%
for subtherapeutic aPTT).38 Panigada and colleagues compared
adjusting heparin dosing based on TEG R time vs aPTT.39 They
found that patients monitored by TEG had more frequent heparin
infusion changes and spent less time within the therapeutic range.39

There was no difference in the incidence of thrombotic complications
(19% in each cohort). There was a nonstatistically significant trend
toward increased bleeding incidence in patients monitored using
aPTT (71.4% vs 47.6%; P 5 .21).39 A retrospective study of using
ROTEM (specifically, the Intem [TEM International GmbH] CT and
clot formation time [CFT]) and aPTT to monitor heparinization in
patients on ECMO found that the Intem CTwas frequently within the
normal range despite escalating doses of heparin and increasing
aPTT and ACT.40 The authors expressed their concern that the use of
Intem CT alone could lead to excessive UFH exposure.40

Based on these studies, there appears to be significant intrasubject
variability with respect to the TEG and ROTEM measurements de-
spite patients being on a consistent anticoagulation or antiplatelet
dose, which may limit its clinical applicability. In individual patients,
there was not a correlation between TEG, INR, or aPTT and bleeding
or thromboembolic complications, in part due to this variability.35,36

To date, there has not been a study published that demonstrates
ROTEM or TEG to be superior to aPTT or ACT, though advantages
of VE testing, including the ability to monitor hemostatic potential
of platelets and fibrinogen, may make it a favorable option if non-
inferiority with respect to bleeding and thrombotic complications can
be demonstrated.

Predicting and responding to hemorrhagic or
thrombotic complications
The rapid turnaround time of POC testing is appealing because
it provides clinicians with prompt information so as to provide
timely and targeted therapy to treat or prevent hemorrhagic
and thrombotic complications while on VADs or ECMO. The goal of
POC-guided algorithms is to reduce blood product use, by both
minimizing unnecessary platelet and plasma transfusions as well as
resolving hemorrhage more quickly to reduce red blood cell (RBC)
requirements.41,42

Unlike surgical POC-guided algorithms, those used in patients on
VADs or ECMOwould be ideally able to identify patients who are at
risk of thrombosis as well as hemorrhage.43 One major problem with
using POC testing, including TEG, ROTEM, and WBA, is that there
are no unequivocal ranges that predict who are the patients at risk
of bleeding, who are at risk of thrombosis, and who are within the
desired therapeutic range of their antithrombotic medications.43

The flow dynamics of circuits can lead to loss of high-molecular-
weight multimers (HMWMs) of von Willebrand factor (VWF),
leading to an acquired von Willebrand disease (VWD) that mimics
2A and can increase bleeding risk.44 Both TEG (clotting index [CI])
and WBA (ristocetin-induced platelet aggregation) may be sensitive,
and specific tests that can distinguish patients with congenital
type 2 VWD from healthy controls45,46; however, these tests have
not been used to identify patients with circuit-related acquired VWD.

Evaluation of VWF antigen, activity, and multimers remains the
gold standard for identifying acquired VWD is patients on VADs or
ECMO.

There is a fine balance between bleeding and clotting in patients
on VADs and ECMO and a goal of using POC testing is to predict
patients who are at risk of bleeding and clotting. Thus far, the studies
are mixed with some showing that decreased function as measured
by VE testing is associated with bleeding in patients on VADs and
ECMO,47,48 whereas others found no predictive value in VE testing
parameters.49,50 In a study of 382 adults who underwent implantation
of a VAD, a subtherapeutic INR (,2) was associated with increased
risk of pump thrombus51; however, similar studies using VE testing
or WBA parameters have not been performed.

Summary
Both bleeding and thrombotic complications are common in patients
on VADs and ECMO. Laboratory monitoring of anticoagulation and
antiplatelet medications is used to ensure patients are in the thera-
peutic range, which will ostensibly reduce risk of bleeding due to
over anticoagulation and clotting due to under anticoagulation. With
the goal of identifying patients at risk of either bleeding or throm-
botic complications, near-patient testing with a rapid turnaround time
is an optimal solution. There are some institutions that believe in the
value of ROTEM, TEG, or WBA and use these tests in a variety of
clinical scenarios; however, to date, there have been no randomized,
multi-institutional trials comparing TEG, ROTEM, or WBA with
aPTT, PT/INR, or anti-Xa levels for monitoring and dose-adjusting
anticoagulant and antiplatelet medications in patients on LVADs or
ECMO. The use of VE testing, including TEG-PM, is more estab-
lished and integrated into the anticoagulation protocols in pediatric
patients on LVADs.30-32

With a lack of superiority of TEG and ROTEM over standard co-
agulation tests, POC versions of INR are being developed and
studied in other patient populations, such as home warfarin moni-
toring in the case of POC-INR.52 Prior studies in patients on car-
diopulmonary bypass have shown concordance between near-patient
PT/INR testing and central laboratory results, whereas near-patient
aPTT testing was discordant.40,53 Further research is needed to both
validate predictive ranges in current POC tests such as TEG, ROTEM,
and WBA as well as to develop reliable and accurate POC versions
of the standard coagulation tests.
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