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Chapter 1

INTRODUCTION

Background

The clotting process is a dynamic, highly interwoven array of multiple processes and
can be viewed as occurring in several consecutive overlapping stages (1). An interplay
between components of the vessel wall, platelets, and coagulation factors give rise
to the formation of a haemostatic plug. Several control mechanisms are responsible
for modulation and termination of the clotting cascade. Once vessel wall patency
has been restored, the mechanism of fibrinolysis is responsible for organizing and
removing the formed clot. Classically, laboratory-based coagulation tests (e.g.,
prothrombin time, activated partial thromboplastin time, fibrinogen) and platelet
numbers are being used in evaluating bleeding disorders. However, these tests have
several limitations as they are performed in plasma under conditioned circumstances
and give fragmented information on mainly the initiation of the coagulation cascade.
Moreover, they do not take into account the interaction of clotting cascade and
platelets as well as other cellular elements in whole blood (2). Also the influence
of hypothermia is not measured, as standard coagulation tests are performed at
a standardised temperature of 37°C. Consequently, complex and multifactorial
haemostatic disturbances, as seen in trauma and massive blood loss, are difficult
to analyze with these tests. Point-of-care coagulation monitoring devices assessing
the viscoelastic properties of whole blood, i.e. thromboelastography may overcome

several limitations of routine coagulation tests.

Thromboelastography (TEG) was first described by Hartert in 1948 as a global test
of blood coagulation (3). TEG visualizes the viscoelastic changes that occur during
coagulation in vitro and provides a graphic representation of clot formation and lysis.
Clinically, two devices are being used: the TEG® system (Haemoscope Corporation,
Niles, lllinois, USA) and the ROTEM (Pentapharm GmbH, Munich, Germany).
Although TEG® and ROTEM® traces look similar, the nomenclature and reference
ranges are different, and outcomes of both techniques are not interchangeable (4-
6). TEG was initially used as a research tool with only limited clinical application.

Technical developments and automation some 25 years ago has led to improved
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General introduction and outline of the thesis

standardization and better reproducibility of the assay. Renewed interest in TEG is
also related to the current cell-based model of haemostasis (7). As a global assay
of haemostasis performed on whole blood, TEG has the bedside capability to asses
within 30 min a representation of the sum of platelet function, coagulation proteases
and inhibitors together with the fibrinolytic system, and is therefore considered a
helpful coagulation tool in various areas of haemostasis testing by a growing number

of physicians.

The main use of TEG has been to monitor blood component therapy during surgery.
Its use was first documented in the field of liver transplantation, followed by the
field of cardiac- and trauma-surgery (8-11). The use of citrated samples allows TEG
to be also performed in the laboratory setting, where it is applied to areas where
conventional coagulation testing is considered insufficient (12). These areas include
hypercoagulability screening and the assessment of thrombotic risk as well as the
guidance of recombinant FVIla and activated prothrombin complex treatment
in patients with haemophilia (13-16). More recently application of a TEG guided
transfusion strategy in patients with massive transfusion is advocated in order to

reduce the amount of bleeding (17,18).

Principles of TEG® methodology

The basic principle of TEG® involves incubation of 360 ul whole blood at 37°C in a
heated cylindrical cup. The cup oscillates for 10 s through an angle of 4° 45’ with
a pin freely suspended in the cup by a torsion wire (Figure 1). The torque of the
rotating cup is transmitted to the immersed pin only after fibrin-platelet bonding has
linked the cup and pin together. The strength of these fibrin-platelet bonds affects
the magnitude of the pin motion, such that strong clots move the pin directly in
phase with the cup motion. Thus, the magnitude of the output is directly related to
the strength of the formed clot. As the clot retracts or lyses, these bonds are broken
and the transfer of cup motion is diminished. The rotation movement of the pin is
converted by a mechanical-electrical transducer to an electrical signal which can be
monitored by a computer program. The resulting haemostasis profile is a measure of

time it takes for the first fibrin strands to be formed, the kinetics of clot formation,
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Chapter 1

the strength of the clot and dissolution of the clot. The clot’s physical properties are
dependent of the interaction of fibrinogen, platelets and plasma proteins, and this
process produces a characteristic trace, reflecting the different phases of the clotting

process and enables qualitative evaluation (19) (Figure 2).

‘ _ Torsion wire

ll Pin

Cup

.36 ml whole blood

Heating element, (clotted)

sensor and controller

Figure 1.

Thromboelastograph® 5000 coagulation analyzer and basic principles

Five major steps involved in haemostasis are routinely measured by TEG®: The R-time
(reaction time) is the latency time from placing blood in the cup until the clot starts to
form (taken as reaching a TEG tracing amplitude of 2 mm). The K-time (clotting time)
is arbitrary assigned to the time between the TEG trace reaching 2 mm and going
up to 20 mm; thus indicating clot kinetics. The alpha angle (a) is a slope drawn from
the slope of the TEG tracing from the R to the K value. The alpha angle is visualizing
the acceleration and the kinetics of fibrin formation and cross-linking. The maximum
amplitude (MA) is the greatest vertical amplitude of the TEG trace and represents clot
strength. Clot lyisis at 30 minutes (LY30) measures the rate of amplitude reduction
30 min after MA and provides information on the fibrinolytic activity (Table 1). A fast
way to obtain an early impression of the TEG curve is to look at the initial part of the
TEG trace represented by the time it takes to reach the maximum amplitude (TMA).
The Clot Lysis Time (CLT) is the time measured from MA until the TEG trace finally

12
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reaches the base line at the moment clot lysis is completed. An additional parameter
that can be calculated is the shear elastic modulus strength or clot elasticity (SEMS or
G, dynes cm2), which is a parametric measure of clot firmness, expressed in metric
units, calculated from MA as follows: G = (5000 x MA) / (100 - MA). R-time, K-time
and a are prolonged by anticoagulants and coagulation factor deficiencies, MA is
especially influenced by platelet count and platelet function as well as fibrinogen

level.

. Coagulation — Fibrinolysis ———

* TMA * CLT >

Figure 2.

Thromboelastograph® trace and parameters

Variations on the TEG®

Coagulation in vitro is usually initiated by the addition of calcium to citrated plasma.
However, for TEG analysis, use of native whole blood is more reliable and considered
the gold standard (20). If rapid information is required, the blood sample can be
activated by the addition of celite or tissue factor, both causing shortening of the
R-time. The effect of heparin can be evaluated by placing the blood samples into
cups that have been coated with the enzyme heparinase (21). With the Reopro-
modified TEG assay the contribution of fibrinogen to clot strength (TEG parameter
MA) can be evaluated (22). The effects of glycoprotein Ilb/llla inhibitors, acetylic acid
or ADP agonists can be visualized by comparing standard and modified (“platelet

mapping”) TEG curves (23). Finally, the TEG® haemostasis system is able to produce
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a thrombus generation velocity curve, which can be calculated from the initial part

of the TEG trace by differentiating the entire initial time-course, providing three new

parameters of thrombus generation (24).

Table 1. Thromboelastograph® parameters and corresponding measurements

TEG parameter measured:

Influenced by / reflecting:

R-time is the period of time of latency
from the time that the blood was

prolonged: - anticoagulants
shortened: - hypercoagulable conditions

R placed in the TEG until the initial fibrin
formation.
K-time is a measure of the speed to prolonged: - anticoagulants
K reach a certain level of clot strength. shortened: - increased fibrinogen
(- increased platelet function)
Alpha angle measures the rapidity of decreased: - anticoagulants
o fibrin build-up and cross-linking (clot increased : - increased fibrinogen
strengthening). (- increased platelet function)
MA, or Maximum Amplitude, is a direct reflecting : - platelet count & function
function of the maximum dynamic - fibrinogen level
MA  properties of fibrin and platelet
bonding via GPIlb/llla and represents
the ultimate strength of the fibrin clot.
Ly30 LY 30 measures the rate of amplitude reflecting : - fibrinolytic activity

reduction 30 minutes after MA.

Outline of the thesis.

As stated in the introduction, TEG is gaining popularity as a rapid near site global test
of haemostasis in different clinical areas. In contrast to standard coagulation tests
(performed in the central laboratory), the technique is considered easy to perform,
with results that are easy interpretable and have direct consequences for clinical
practice. However, although TEG poses many (theoretical) advantages over classical
coagulation tests, clinicians should be aware of pitfalls in both test methodology
as well as its interpretation. Importantly, studies comparing TEG parameters with
standard coagulation tests demonstrate poor correlation and there are no clinical
trials that link TEG variables to clinical outcome. The overall aim of this thesis is to
improve the understanding of TEG technology for clinicians working in the field of
haemostasis, making them aware of the possibilities but also of the limitations of

TEG in coagulation monitoring.
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In Chapter 2 we describe, based on literature study, the role TEG and other Point
of Care tests of haemostasis can play in both the prediction and treatment of
unexpected massive surgical bleeding. For this purpose we will outline the actual
cell-based model of haemostasis, with special focus on the haemostatic effects of
both massive blood loss and massive transfusion. Secondly we will concentrate on
what part of the coagulation cascade exactly can be monitored with which specific
coagulation test. Finally we discuss the possibilities and limitations of these Point
of Care tests of haemostasis in the analysis of the massively bleeding patient, with
the purpose of improving the use of these tests in the clinical analysis and decision

making in this patient category.

As the interpretation of TEG data is hampered by the lack of a validated large series
of reference ranges, with special attention for the effects of age, gender and the
use of oral contraceptives, we assessed our own reference ranges, for both native
whole blood and recalcified citrated whole blood, which are presented in Chapter
3. Importantly, we used these reference ranges for comparison in the other studies
that we performed.

Different components of the TEG test tracing are considered to reflect various parts
of the haemostatic system and to distinguish low platelet count and/or platelet
dysfunction from lack of plasmatic coagulation factors. In Chapter 4 we describe the
effects of (isolated) thrombocytopenia on TEG parameters and discuss the sensitivity
of TEG in the detection of (clinical relevant) thrombocytopenia. For this purpose we
performed TEG measurements serially in patients with well documented transient
thrombocytopenia in the context of consolidation courses of chemotherapy because

of hematological malignancy.

As we hypothesized that TEG might be a useful tool to monitor the haemostatic quality
and efficacy of platelet transfusions we describe in Chapter 5 the results of our study
in which the haemostatic effects of transfused stored platelets were compared to
native circulating platelets, as measured by TEG. In this study we also assess whether

storage time of platelets has additional influence on their haemostatic capacity.
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In Chapter 6 we used TEG to study the role of red blood cells in haemostasis. For
this purpose we studied haemostasis in patients with different degrees of anaemia.
Moreover, we studied the effects of red blood cell transfusion on the haemostatic

profile, with again attention for effects of storage time of the red blood cell product.

In line with chapter 6 is the study described in Chapter 7, in which we address the
coagulation profile in patients with sickle cell disease, as we hypothesized that TEG
might be a useful tool to analyze the pro-coagulant profile observed in this patient
category. Further we examined the differences in coagulation status between steady
state and painful vaso-occlusive crises in these patients. Moreover, we also focused
on the effect of red and white blood cells as well as treatment with Hydroxyurea on

this status.

In Chapter 8 we will present a summary and future perspectives on the role TEG can
play in haemostasis testing.
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Chapter 2

ABSTRACT/SUMMARY

The management of massive blood loss remains a major challenge for clinicians as
the underlying coagulopathy is often complex, multifactorial and rapidly evolving.
The use of classical coagulation tests, although standardized and well validated,
has limitations as these tests are time consuming and provide only information on
isolated coagulation factors. To overcome several of these limitations, point-of-care
(POC) tests of haemostasis have been introduced in various areas of coagulation
monitoring. POC tests that asses global haemostasis, e.g. thromboelastography,
have potential for allowing a new look at the process of haemostasis and might add
to the management of massive blood loss, when incorporated into a transfusion
algorithm. As these POC tests become increasingly used outside of the specialised
laboratory, attention should be paid to validation, reliability and quality control
testing as several techniques are not validated and have never been standardized.
The present review gives an overview on the current cell-based model of haemostasis
and the pathophysiology of massive blood loss. Further we describe the different
POC analysers and methods available and give insight into which parameters of
the coagulation cascade can be monitored best by these techniques and for which
clinical indications. Moreover, we will focus on the clinical relevance of the POC test
in the prediction of surgical bleeding as well as the analysis of unexpected massive

blood loss.

20



POC testing of haemostasis in massive blood loss

INTRODUCTION

The detection, analysis and correction of haemostatic defects in the patient with
massive blood loss in the operating theatre remains a major challenge for clinicians.
Defects in haemostasis may complicate a wide range of surgical conditions and
much attention has been paid to the management of massive blood loss in patients
undergoing cardiac, hepatic and trauma surgery, all associated with complex and
multifactorial coagulopathies (1-3). Although still the standard in haemostasis
testing, laboratory-based coagulation tests are considered to have several limitations
in haemorrhagic emergencies. First of all, classical coagulation tests are considered
time consuming as they are performed in a central laboratory, leading to a delay
in diagnosis and management of the coagulopathy (4). Further, these classical tests
provide only a snapshot of the coagulation status on the moment the sample was
taken, as these tests are based on isolated static end points (5). Also the influence
of hypothermia is not measured as classical coagulation tests are performed in
plasma at a normal and standardised temperature of 37°C. Moreover, although the
classical view of the clotting cascade has been useful in the interpretation of clotting
times (e.g., PT and aPTT), it may not be physiologically accurate (6). Finally, the
correlation of laboratory-based coagulation tests with clinical bleeding is currently
imprecise and requires a more rapid evaluation of haemostasis and fibrinolysis (7).
As a consequence, “bedside” performed point-of-care (POC) testing of haemostasis
is increasingly being incorporated in the management of massive blood loss in the
operating theatre (8,9). Arguments given in favour of POC tests of haemostasis are
the rapid, real-time information these tests provide on the coagulation process (10).
Moreover, visco-elastic POC testing i.e. tromboealastography, is considered more
physiological than classical coagulation testing as it is performed on whole blood,
taking into account the interaction of the coagulation system with all other cellular

elements (11).
Since POC testing of haemostasis has gained popularity, it may be tempting for

clinicians to replace classical coagulation tests by these rapid and “easy interpretable”

POC tests in all patients suffering from massive unexpected blood loss in the operating
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theatre. However, before such a change in paradigm can take place, there are several
aspects of POC testing that need to be ascertained. The most important question to
be answered is whether POC tests are really suited to monitor massive blood loss in
general surgery. Secondly, is there sufficient evidence to fully support its use in the
management of massive unexpected blood loss? To answer the former questions,

|H

we can speculate on what the “ideal” POC test of haemostasis looks like and what
the requirements of such a test are (12). Ideally a POC test should deliver a timely
result that is precise with adequate quality and has the potential to improve patient
outcome from earlier treatment. As a consequence the test should be performed
by skilled and trained personal, aware of the tests’ critical analytical steps and its
potential errors and limitations (13). Further, the technique should be standardized
according to international guidelines and be subjected to strict internal- and external-
quality control procedures (14,15). Moreover, the POC test should be validated, not
only for detection and analysis of the different coagulation disorders, but also for
monitoring the effects of both anticoagulants and haemostatic agents. Also reference
ranges should be established in different age- and gender- groups. Importantly, the
test should be subjected to randomized controlled trials demonstrating positive
effect on patient care. Finally, the POC data should be stored and transmitted to a
POC data manager or hospital information system. The most important aspects and

requirements of the “ideal” POC test of haemostasis are summarized in Table 1.

Table 1. The “Ideal” POC test of Haemostasis

Important Aspects and Requirements of the “Ildeal” POC test.

e Generation of rapid and real-time results and so earlier treatment

e Knowledge of critical analytical steps and potential errors

¢ Trained and skilled operators

e Standardization of the technique according to international guidelines
e Internal and external quality control and assurance

e Validation of technique for different coagulopathies and monitoring of anticoagulants and
haemostatic agents

e Reference ranges for different clinical conditions, age and gender
¢ Data storage and transmittance to hospital information system

e Randomized controlled trials demonstrating positive effects on patient outcome

22
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Scope of this review

Advanced coagulation monitoring in massive blood loss might employ a combination
of routine laboratory tests using individual factor measurements as well as POC
coagulation testing. Therefore, we consider it valuable for clinicians using these tests
and techniques, to have knowledge of the possibilities and limitations of the different
POC tests of haemostasis. For this purpose we will first (briefly) overview the current
(cell-based) model of haemostasis, with special focus on the coagulopathy that arises
in massive bleeding. Subsequently we will update and review the POC analysers and
methods available and give insight into which parameters of the coagulation cascade
exactly can be monitored by these techniques and in which clinical condition.
Moreover, we will focus on the clinical benefit the POC test has in the prediction
of surgical bleeding as well as the analysis of massive blood loss in the operating
theatre. The final goal is that clinicians, overseeing all the possibilities and limitations
of POC testing of haemostasis, can make a well balanced decision on the appropriate
POC test of haemostasis to be implemented in their operating theatre.

Principles of haemostasis

Although the clotting process is a dynamic, highly interwoven array of multiple
processes, it can be viewed as occurring in several consecutive overlapping stages
(16). An interplay between components of the vessel wall, platelets, and coagulation
factors give rise to the formation of a haemostatic plug. Several control mechanisms
are responsible for modulation and termination of the clotting cascade. Once vessel
wall patency has been restored the mechanism of fibrinolysis is responsible for

organizing and removing the formed clot.

® Primary haemostasis; platelet adhesion and aggregation

Platelets play an important role in localizing clotting reactions because they adhere
and aggregate at the sites of injury where tissue factor (TF) is also exposed. They
provide the primary surface for generation of the burst of thrombin needed
for effective haemostasis during the propagation phase of coagulation. Platelet
localisation and activation are mediated by Von Willebrand Factor (VWF), thrombin,

platelet receptors, and vessel wall components, such as collagen (17). Circulating
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platelets get in close contact to the injured vessel wall by attachment of the platelet
surface Glycoprotein Ib (GP-1b) to VWF in the wound (Fig. 1). VWF is a large molecule,
synthesized by endothelial cells, and also found in granules of platelets, that circulates
in complex with coagulation factor VIII (FVIII). After binding to the exposed collagen
in the wound, VWF is structurally changed and able to bind GP-1b on the platelet

surface.

Figure 1. Platelet adhesion, activation and secretion in primary haemostasis

Secretion:

- ADP

- Serotonin

- Calcium

- Tromboxaan A2

Activation

) L

GP-la-lla GP-VI  GP-Ib-V-IX GPlibllla

Collagen von Willebrand Factor Fibrinogen

Adhesion Subendothelium

(Reproduced with permission from: Hoffman J. et al. Hematologie. 2 ed. Arnhem: Syntax

Media 2007)

During high shear, platelets “role” along the wound surface and, initially, detach, until
they lose their speed and bind irreversibly to the wound surface. The binding is further
increased by attachment of both GP-la-lla complex and GP-VI to collagen; which
results into platelet activation. Moreover, when fibrinogen and fibrin are attached
to the wound surface, platelets bind via their GP-llb-llla receptor. Platelet adhesion
is followed by platelet activation mediating platelet spreading and clot retraction.
Also upon activation, platelets release a variety of substances from their granules like

ADP, serotonin and tromboxane A2, stimulating and recruiting additional platelets.
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Parallel to adhesion, aggregation and secretion of activated platelets, haemostasis is
further enhanced by formation of thrombin which further activates platelets. Several
platelet-blocking agents can interfere with primary haemostasis. Aspirin and other
non-steroidal anti-inflammatory agents inhibit cyclo-oxygenase (COX), the enzyme
responsible for the formation of tromboxane A2 out of arachidonic acid (AA) from
membrane phospholipids. The thienopyridine derivates (ticlopidin, clopidogrel)
inhibit ADP-induced platelet activation by binding covalently to the P2Y12 receptor.
Finally, GP-lIb-llla antagonists (abciximab, tirofiban, eptifibatide) block GP-llb-Illa

receptors.

e Secondary haemostasis; initiation, amplification and propagation of the clotting
cascade

The generation or exposure of TF at the wound site, and its interaction with FVII, is
the primary physiologic event in initiating clotting (18). The initiation process takes
place on the surface of TF-bearing cells such as fibroblasts and platelets where FVII
binds to TF and is activated. This FVII/TF complex activates Factor X (FX) which in turn
generates a small amount of thrombin that plays a role in the amplification stage
(Fig. 2). Thrombin is generated by a complex network of amplification and negative

feedback loops to ensure a localized and limited production.

The generation of thrombin is dependent on three enzyme complexes, each
consisting of a protease, a cofactor and catalyzed by phospholipids (PL) and calcium
(Ca2+). These three enzyme complexes are extrinsic Xase (FVlla, TF, PL, Ca2+),
intrinsic Xase or tenase complex (FIXa, FVIlla, PL, Ca2+) both generating FXa, and
prothrombinase complex (FXa, FVa, PL, Ca2+) generating thrombin. With sufficient
stimulus, components of the intrinsic pathway (i.e., factors VI, IX, XI) are responsible
for amplification of this process only after a small initial amount of thrombin has
been generated through the extrinsic pathway (19). Moreover, once platelets are
activated, the cofactors Va and Villa are rapidly localized on the platelet surface
(20). The propagation phase catalysts (FVIlla-FIXa and FVa-FXa) continue to drive
the reaction as blood is resupplied to the wound site by flow. The generation of
thrombin via the coagulation cascade results in deposition and cross-linking of fibrin.
Ultimately, the net result of platelet aggregation, fibrin deposition, and fibrin cross-

linking, is the formation of a stable clot.
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Figure 2. Overview of the coagulation cascade
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e Terminating of clotting by antithrombotic control mechanism

The control of the haemostatic reaction is governed by the pro- and anticoagulant
dynamics and the supply of blood reactants to the site of a vessel injury (21).
Termination of coagulation is regulated by the plasma proteins tissue factor pathway
inhibitor (TFPI), antithrombin (AT), protein C and protein S. The initiation phase
(extrinsic Xase) is rapidly inactivated by TFPI, released form platelets and endothelial
cells as it forms a quaternary complex with FVlla, TF and FXa, such that only a limited
amount of thrombin is generated. Thrombin forms a complex with the endothelial cell
surface receptor thrombomodulin. An endothelial protein C receptor (EPCR) localizes

protein C to the endothelial surface, promoting protein C activation by the thrombin-
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thrombomodulin complex. Protein C (and its cofactor Protein S) are inhibitors of
coagulation factors Va and Vllla, preventing further thrombin generation. Finally, the
thrombin-thrombomodulin complex is also the activator of the fibrinolysis inhibitor
TAFI (Fig. 3). One of the major natural inhibitors of thrombin is AT, which is only
active when coagulation is activated as it only binds thrombin, and not prothrombin.
Moreover, AT binds to all activated coagulation factors with serine proteases (FIXa,
FXa, FXla and the FVIla-TF complex) to form high molecular weight stable complexes.

Importantly, the reaction between thrombin and AT can be accelerated by heparin.

Figure 3. Limitation of blood coagulation

Intrinsic pathway

protein S
cofactor

B el activated
TEPI } _______________ 'S ___,3= protein C

| fibrinogen l—"—bl fibrin | <—| ,——>
A
[€-=----1  TAFla X
fibrinolysis thrombin protein C

thrombomodulin “ EPCR
Endothelial cell

TFPI; tissue factor pathway inhibitor, ATIII; antithrombin, TAFI; thrombin-activatable fibrinolysis

inhibitor; EPCR; endothelial protein C receptor

e Removal of the clot by fibrinolysis

Fibrinolysis is a normal haemostatic response to vascular injury. The final effector
of fibrinolysis is plasmin, produced from the inactive precursor plasminogen by
activators either from the vessel wall (intrinsic activation) or from the tissues

(extrinsic activation) (Fig. 4). The most important route follows the release of tissue
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plasminogen activator (tPA) from endothelial cells. tPA and plasminogen both bind
to the evolving fibrin polymer. Once plasminogen is activated to plasmin it cleaves
fibrin into soluble fibrin degradation products (FDPs) resulting in dissolution of the
fibrin clot. One of the major FDPs is D-dimer, which consists of two D domains from

adjacent fibrin monomers that have been crosslinked by activated FXIII.

Figure 4. Fibrinolysis
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Coagulation stabilization counteracts fibrinolysis through several mechanisms. FXllla
converts fibrin into a tight-knit aggregate. tPA is inactivated by plasminogen activator
inhibitors (PAl); PAI-1 is a rapid and irreversible inhibitor of tPA and uPA (urokinase
like plasminogen activator). Further, circulating plasmin is inactivated by the potent
inhibitors alpha-2 antiplasmin and alpha-2-macroglobin (22). Thrombin inhibits
fibrinolysis by activating TAFI that removes lysine residues from fibrin, thereby

impairing fibrin’s capacity to bind plasminogen and tPA.

Coagulopathy in massive bleeding
Haemostasis is the process of quick, localized and carefully regulated clot formation at
thessite of vesselinjury. An optimal pH value and body temperature as well as adequate

quantities of ionised calcium are relevant pre-conditions for optimal haemostasis.
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Abnormal bleeding may occur when specific elements of the process are missing
or dysfunctional, for example in case of Haemophilia or severe thrombocytopenia.
Also the use of anticoagulants can be the cause of abnormal bleeding. During
massive bleeding (-and transfusion), with loss of coagulation factors, the evolving
coagulopathy is often complex and multifactorial and aggravated by hypoperfusion,
dilution- and consumption- of clotting factors and platelets. This coagulopathy,

together with hypothermia and acidosis, forms a “lethal” triad (23).

Dilutional coagulopathy is observed in patients who have lost blood and had the blood
volume replaced with components without plasma procoagulants and anticoagulants,
i.e. if volume replacement is mainly performed with red cells, crystalloid and plasma
expanders (24). Mild dilution mainly results in reduction of clot firmness, this being
significantly more reduced with colloids than with crystalloids. With dilution >50% a
delay in the initiation of coagulation is observed (25). Synthetic colloid resuscitation
fluids (i.e. hydroxyethyl starch; HES) induce a coagulopathy that is characterised
by acquired hypofibrinogenaemia and abnormal fibrin polymerization (26). Fibrin
polymerization is also disturbed following extensive administration of blood products
(platelets and plasma) as these fractionated blood products are stored in preservative
solutions containing citrate causing hypocalcaemia (27). Fibrinogen may become
critically low in massive bleeding with a fall below 1 g/I after a loss of 150% of the
calculated blood volume (28). Coagulation factors I, V and VII as well as platelet
levels become critical after a blood volume loss of more than 200% (29). Some
patients with massive bleeding are also at risk of consumptive coagulopathy and are
liable to develop haemostatic failure without significant dilution. Consumption of
coagulation factors is seen in obstetric haemorrhage, in patients on cardiopulmonary
bypass (CPB), following massive trauma and in the context of sepsis (30). In addition,
massive trauma and shock are associated with activation of anticoagulant pathways,
especially the thrombomodulin-protein C pathway, resulting in increased fibrinolysis
(31).

On top of dilution and consumption of coagulation factors, hypothermia and acidosis

may worsen the developing coagulopathy. Hypothermia-induced coagulopathy
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attributes to platelet dysfunction, reduced coagulation factor activity (significant
below 33°C) and induction of fibrinolysis (32). For each 1°C decline in body
temperature, there isa 10% reduction in the coagulation factor activity (33). In clinical
practice, the effect of hypothermia on coagulation is likely to be underestimated as
most coagulation tests are performed at 37°C thereby correcting ex vivo any in vivo
abnormality (34). Acidosis is induced by hypoperfusion and excess administration of
ionic chloride, i.e. NaCl, impairing almost all essential parts of the coagulation process
(2). Acidosis not only impairs platelet function as well as the activity of coagulation
factor complexes and the generation of thrombin, but also leads to an increased
degradation of fibrinogen, especially at a PH <7.1 (35,36). Although correction of
hypothermia reverses its detrimental effects on coagulation, correction of acidosis

by administration of buffer solutions has no such effect (37).

Laboratory-based coagulation tests

e Tests of primary haemostasis; platelet count and function

As platelets play an essential role in (primary) haemostasis, the accurate measurement
of their number and function is important. Laboratories quantify platelet counts by
automated cell analyzers that mostly are reliable at even very low platelet levels (38).
However, this method is not perfect as in vitro micro-aggregation and EDTA-induced
aggregation may lead to underestimation of the absolute platelet count. This EDTA-
dependent pseudo thrombocytopenia can be ruled out by recounting platelets in
citrated blood. A platelet count <50x109/! in a patient with massive blood loss is
associated with haemostatic compromise and microvascular bleeding. A minimum

target platelet count of 75x109/L is appropriate in this situation.

Platelet function is traditionally tested for by performing a bleeding time. However,
for bleeding time there is a lack of standardisation, the test is invasive, subjective and
has low sensitivity and specificity in the detection of mild bleeding disorders (39,40).
Moreover, the most common cause of bleeding time prolongation is improper
performance of the test and only experienced laboratory personnel should perform
it. Importantly, no studies have been performed to evaluate the role of bleeding

time in patients with massive bleeding. However, in patients with a negative history
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of bleeding and no recent intake of non-steroidal anti-inflammatory drugs, higher
values for bleeding time and bleeding time-related parameters were not associated
with higher indices of perioperative and postoperative bleeding at coronary bypass

surgery (41).

Traditional assays, such as light transmittance aggregometry, are still considered as
the gold standard for platelet function testing. In this assay, platelet agonists are
added to platelet rich plasma and the increase of light transmittance is recorded
as platelets start to aggregate. Only one study, performed in patients undergoing
off-pump coronary bypass grafting demonstrated that intraoperative bleeding was
significantly correlated with the decrease in the pre- vs. postoperative platelet count
and function according to the area under the impedance curve using whole blood
aggregometry. However, no effects on the use of blood products was observed (42).
Aggregation will remain an important clinical test within the specialised laboratory.
Many platelet disorders are easily diagnosed, but the technique has several
limitations, as the preparation of specimens is difficult, time consuming, operator
dependent and it cannot be performed at the bedside (43). As a consequence, the
test is considered too complex and impractical to use in the management of patient

with massive blood loss.

e Tests of the coagulation cascade; aPTT, PT and TT

The in vitro tests activated partial thromboplastin time (aPTT), prothrombin time (PT),
and thrombin time (TT) measure the time elapsed from activation of the coagulation
cascade at different points to the generation of fibrin (Fig. 2). Citrated plasma, an
activator (tissue factor for PT and phosholipids for aPTT) are added together and
incubated at 37°C. Calcium is added and the time necessary for clot formation is
measured. The aPTT is used to assess the contact activation and the integrity of the
intrinsic coagulation pathway (factors XllI, XI, 1X, VIIl) and final common pathway
(factors Il (=prothrombin), V, X, and fibrinogen). Prolonged aPTT can be found due
to isolated deficiencies (or inhibitors) of intrinsic- and common- pathway factors,
and after heparin administration. Artificially prolonged aPTT occurs in case of

underfilling the test tube, improper blood collection, and with elevated haematocrit.
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High concentrations of heparin (>1.0 U/ml), as employed in coronary surgery, can
be monitored by the activated whole blood clotting time (ACT), since aPTT often
becomes infinitely prolonged at these higher concentrations (44). The aPTT is often
used to guide blood product replacement with a target aPTT below 1.5 times normal
(<60 s). However, the latter may not always be an appropriate target in the situation

of massive blood loss as haemostatic failure may already be significant at this level

(9).

The PT is used to assess the integrity of the extrinsic pathway of clotting, which
consists of TF and FVII and coagulation factors in the common pathway. The function
of PT has been standardized (for warfarin control) through the use of the international
normalized ratio (INR). Causes of isolated prolonged PT are inherited or acquired FVII
deficiency, VKA administration, vitamin K deficiency, liver disease and an inhibitor of
FVII. PT is not always a sensitive test for the actual coagulation status as a normal PT
does not rule out haemostatic abnormalities. In massive blood loss a correction to
within 1.5 of normal is advocated, although this may not be an appropriate target in
this clinical situation (45).

When both PTand aPTT are prolonged inherited deficiency of prothrombin, fibrinogen
or factors V or X can be the cause. More often there is an acquired cause of these
prolongations, i.e. liver failure, disseminated intravascular coagulation, overdosing
with heparin or VKA or the combination of both. Finally an inhibitor of prothrombin,
fibrinogen or factors V or X of the common pathway can be the cause of combined

prolongation of PT and aPTT.

Both pathways (intrinsic and extrinsic) converge on the activation of Factor X, which
converts prothrombin to thrombin, the final enzyme of the clotting cascade, which
in turn converts fibrinogen into fibrin. The Thrombin Time (TT) measures this final
step of the coagulation cascade (46). Prolongation of the TT can be explained in three
ways: deficient fibrinogen (<100 mg/dl), abnormal fibrinogen (dysfibrinogenemia),
or an inhibitor to its activation. Acquired deficiency of fibrinogen is usually due to

a consumptive coagulopathy. Severe liver disease is associated with both acquired
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deficiency of fibrinogen and dysfibrinogenemia. The most common acquired
inhibitors of the final reaction are heparin and fibrin degradation products (FDP). The
effect of heparin can be eliminated by catalyzing the reaction with reptilase, which,
unlike thrombin, is insensitive to heparin. FDP are commonly seen in consumptive

coagulopathies and primary fibrinolytic states.

e Fibrinogen concentration.

In the conventional Clauss method, diluted plasma is mixed with a supraphysiologic
amount of thrombin; the fibrinogen concentration is proportional to the coagulation
time measured. The formation of fibrin is a key step in blood coagulation, and
hypofibrinogenemia is a usual component of complex coagulopathies associated
with massive bleeding. Fibrinogen plays a major role in routine coagulation tests like
PT and aPTT. Moreover, the fibrinogen level is more sensitive than the PT and aPTT
to a developing dilutional or consumptive coagulopathy. Excessive bleeding has been
reported at fibrinogen levels below 0.5-1.0 g/L; levels above 1.5 g/L are probably
required for sufficient fibrin clot polymerisation (47).

POC based coagulation tests

A number of coagulation tests can be performed at the point-of-care, rather than in
a central laboratory, with the rationale that this will result in the rapid generation of
results and will improve patient care. POC testing may measure platelet function,
PT, aPTT, INR, ACT, D-dimer as well as overall coagulation (48). POC tests are also
being used to diagnose acquired or inherited coagulopathy, to monitor anticoagulant
therapy and to guide transfusion of blood and blood products (49,50). A summary of
POC tests and devices available for haemostasis monitoring and their clinical use is

presented in Table 2.

In the following section we will discuss several important aspects of these POC tests
and techniques. First we will briefly outline the principle of each test and address
its clinical use and limitations, especially in the context of the patient suffering from
massive blood loss. As d-dimer assays are mainly used in the analysis of venous

thromboembolism, we will consider this out of the scope of this review.
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Table 2. Overview on POC tests of haemostasis

POC Test Devices Clinical use

(Aspect of haemostasis

tested)

Platelet Function Tests PFA-100® platelet count,

(primary haemostasis) Rapid Platelet Function Assay detection of platelet dysfunction &
(RPFA) inhibition,
Plateletworks® guidance on therapeutic
Multiplate intervention (i.e. in cardio-vascular
Verify Now surgery)

Prothrombin Time
& International
Normalized Ratio
(extrinsic pathway)

Activated Partial
Thromboplastin Time
(intrinsic pathway)

Activated Clotting Time
(intrinsic pathway)

Thrombin Time
(fibrinogen-> fibrin)
Fibrinogen
Thrombelastography
(global assessment of
haemostasis)

D-dimer

(fibrinolysis/
degradation of clot)

Thromboelastography;
plateletmapping

Coagucheck (X)S plus
Hemochron Response
INRatio Monitoring System
Protime 3

i-Stat

Gem PCL

Cascade POC
Thrombotrak

Hemochron Junior Signature
Gem PCL
Cascade POC

Hemochron Jr ACT

Gem PCL

i-STAT

Actalyke MAX-ACT

Hepcon Haemostasis
Management System (HMS)

Hemochron HiTT

Hemochron Signature Elite

TEG®
ROTEM®

Clearview Symplify D-dimer
Cobas h232 system
SimplyRed D-dimer
MiniQuant

Nycocard D-dimer

Triage D-Dimer Test

Vidas

Pathfast

control on oral anticoagulation
(vitamin K antagonists),
assessment extrinsic pathway of
coagulation

heparin monitoring,
assessment intrinsic pathway of
coagulation

high dose heparin monitoring

high dose heparin monitoring

fibrinogen level

detection of coagulopathy,
guidance on therapeutic
intervention

exclusion of Venous
Thromboembolism (VTE)
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e POC tests on Platelet Function.

The assessment of bedside platelet function has gained attention in two areas of
coagulation monitoring. First of all, platelet function testing devices have been
developed to monitor anti-platelet therapy in cardiovascular patients, especially
during cardiopulmonary bypass surgery (51). Second, visco-elastic POC coagulation
devices can be used to facilitate the management of bleeding patients by rationalizing
platelet transfusion (52). A variety of devices are available that offer POC testing of

platelet function (see for overview Table 3).

Platelet Function Analyser (PFA-100). The PFA-100 measures the closure time i.e. the
time to cessation of flow of citrated blood, flowing at high shear rate through an
aperture within a capillary membrane impregnated with the agonists collagen and
either epinephrine or adenosine diphosphate (53,54). The test is simple and rapid,
does not require specialist training and may serve as a screening tool for platelet
dysfunction, in particular as seen in Von Willebrand disease (55,56). However, test
outcome is not specific for any other thrombocytopathy (57). In the assessment of
the response to anti-platelet therapy the PFA-100 was found to be sensitive to the

effects of aspirin, but relatively insensitive to the effects of clopidogrel (58,59).

Although a normal ADP stimulated closure time was found to be a negative
predictor of bleeding (60), it was also demonstrated that is was less accurate than
classical ADP-mediated platelet aggregometry in risk stratification of perioperative
bleeding and transfusion (61). A major limitation for the use of the PFA-100 as a
POC test of primary haemostasis in the (massive) bleeding patient is it’s sensitivity
to thrombocytopenia (<100x10°/1) and anaemia (haematocrit <30%) both resulting
in prolongation of the closure time (62). Moreover, there is only limited literature
on whether an exact threshold closure time exists above which bleeding tendency is

increased and below which invasive interventions can be performed safely.
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Table 3. POC tests of platelet function

POC test Principle Clinical Use Limitations
PFA-100® high shear adhesion & e rapid diagnosis of: e thrombocytopenia
aggregation of platelets, - von Willebrand (<100x10E9/L) & anaemia
after agonist, forming a disease (haematocrit <35%): T
plug, expressed as Closure - generalized platelet of CT
Time (CT) dysfunction ¢ not specific for any
disorder; just screening
e wide normal range
e low sensitivity detecting
storage and release
defects
RPFA optical aggregometry * measurement * not performed under
(VerifyNow®  of platelets over time in of platelet shear stress
systems ) response to agonists that  responsiveness e high costs of cartridges

PlateletWorks®

Multiplate®

are specific to various anti-
platelet medications.

comparing platelet
counts before and after
aggregation with agonist

impedance aggregometry

to anti-platelet
medications
(aspirin, clopidogrel,
abciximab)

e platelet count with
an evaluation of
platelet function

e detection of
resistance to
antiplatelet drugs

e detection

of clodipogrel
resistance

® assesment of need
for transfusion in
cardiac surgery

e inconsistency over
time in identification of
aspirin-resistance

e collagen cartridge
not recommended for
assessment of aspirin

e Reference ranges vary
widely

e ADP aggregation:

30 min. pre-analytical
equilibration

e not validated for low
platelet counts

Because of the inconsistencies in literature, the Platelet Physiology Subcommittee

of the Scientific and Standardization Committee of The International Society on
Thrombosis and Haemostasis (ISTH-SSC) states that the PFA-100 closure time should

be considered optional in the evaluation of platelet disorders and function, and that

its use in therapeutic monitoring of platelet function is currently best restricted to

research studies and prospective clinical trials (63).

The Rapid Platelet Function Assay (RPFA; VerifyNow® systems). The VerifyNow®

System measures platelet function by the rate and extent of light changes in whole
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blood as platelets aggregate over time in response to agonists that are specific to
various anti-platelet medications such as GPlIb/Illa inhibitors (