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Abstract This narrative review discusses the role of
thrombin generation in coagulation and bleeding in
cardiac surgery, the laboratory methods for clinical
detection of impaired thrombin generation, and the
available hemostatic interventions that can be used to
improve generation.  Coagulopathy  after
cardiopulmonary bypass (CPB) is associated with
excessive blood loss and adverse patient outcomes.
Thrombin plays a crucial role in primary hemostasis, and
impaired thrombin generation can be an important cause
of post-CPB coagulopathy. Existing coagulation assays
have  significant assessing
generation, but whole-blood assays designed to measure
thrombin  generation at the
development. Until then, clinicians may need to institute
therapy empirically for non-surgical bleeding in the setting
of normal coagulation measures. Available therapies for
impaired thrombin generation include administration of
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plasma, prothrombin complex concentrate, and bypassing
agents (recombinant activated factor VII and factor eight
inhibitor bypassing activity). In vitro experiments have
explored the relative potency of these therapies, but
clinical studies are lacking. The potential incorporation
of thrombin generation assays into clinical practice and
treatment algorithms for impaired thrombin generation
must await further clinical development.

Résumé Ce compte rendu narratif discute du role de la
génération de thrombine dans la coagulation et le
saignement en chirurgie cardiaque, des méthodes de
laboratoire pour le dépistage clinique d’une génération
de thrombine altérée et des interventions hémostatiques
disponibles qui peuvent étre utilisées pour améliorer la
génération de thrombine. Une coagulopathie apres la
circulation extracorporelle (CEC) est associée a des pertes
de sang excessives et a des complications pour les patients.
La thrombine joue un role essentiel d’hémostase primaire,
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et une génération de thrombine altérée peut constituer une
cause importante de coagulopathie post-CEC. Les analyses
de coagulation existantes comportent d’importantes limites
en ce qui touche a [’évaluation de la génération de
thrombine, mais des analyses de sang complet congues
pour mesurer la génération de thrombine au chevet sont en
cours d’élaboration. En attendant, les cliniciens pourraient
devoir amorcer un traitement de maniére empirique pour
prendre en charge les saignements non chirurgicaux dans
un contexte de valeurs de coagulation mesurées normales.
Les traitements disponibles pour une génération de

thrombine altérée comprennent [’administration de
plasma, de concentrés de complexe prothrombinique, et
d’agents de contournement (bypass) (facteur VII

recombinant activé et activité de contournement de
Uinhibiteur du facteur VIII). Des expériences in vitro ont
exploré ’activité thérapeutique relative de ces traitements,
mais les études cliniques manquent. L’intégration
potentielle d’analyses de génération de thrombine dans
la pratique clinique et d’algorithmes de traitement pour
une génération de thrombine altérée doit attendre des
développements cliniques plus poussés.

Introduction

Patients undergoing cardiac surgery with cardiopulmonary
bypass (CPB) frequently develop coagulopathy that can
result in excessive blood loss and associated adverse
outcomes.'™ The causes of coagulopathy are usually
multifactorial but can be categorized into four broad
domains:  impaired thrombin generation, platelet
dysfunction, hypofibrinogenemia, and hyperfibrinolysis.”’
Although there is a complex interplay between each of these
domains, treatment guidelines have generally focused on the
last three while thrombin generation has attracted relatively
little attention.®” In light of emerging evidence highlighting
the importance of impaired thrombin generation as a cause
of cardiac surgery-associated coagulopathy,'*™"* we
conducted this narrative review focusing on: 1) the role of
thrombin generation in coagulation and on bleeding in
cardiac surgery; 2) laboratory methods for clinical detection
of impaired thrombin generation; and 3) available
hemostatic interventions that can be used to improve
thrombin generation in bleeding cardiac surgery patients.

Role of thrombin generation in cell-based model
of coagulation

Thrombin is a protease that has a critical role in all phases
of clot formation and breakdown.'® The cell-based model
of coagulation describes initiation, amplification, and

propagation phases.'*'> Initiation begins when tissue
factor is exposed to plasma at the site of endothelial
injury, and forms a complex with circulating activated
factor VII (FVIIa) to activate factors IX and X. In the
ensuing amplification phase, activated factor X on the
surface of TF-bearing cells generates trace (<l nM)
amounts of thrombin, which then activates platelets as
well as factors V, VIII, and XI. The propagation phase
takes place on a phosphatidylserine-rich membrane, often
of activated platelets, which increases the binding of
factors IXa, VIIla, Xa, and Va, resulting in the thrombin
burst necessary to convert fibrinogen to fibrin. Thrombin
also activates thrombin-activated fibrinolysis inhibitor and
factor XIII, producing a stable fibrin clot.'® Finally,
thrombin activates protein C, which inactivates FVa and
FVIIIa to stop thrombin generation.

In vivo, thrombin concentration is highly dynamic
during the coagulation process and can be categorized
into three distinct phases. In phase 1, which lasts two to six
minutes and corresponds to the initiation and amplification
phases of coagulation, a trace (< 1 nM) amount of
thrombin is produced on TF-bearing cells. Phase 2 is the
maximum rate of increase (i.e., maximum speed) in
thrombin generation that corresponds to the thrombin
burst on activated platelets, which lasts for approximately
ten minutes. In phase 3, thrombin generation reaches its
peak (> 500 nM) before dropping back to baseline because
of inhibition by antithrombin, with the area under the curve
representing the total amount of free thrombin generated
(phase 4)."* Thrombin generation capacity is a key
determinant of the structure, stability, and strength of the
fibrin clot.'*'® Low thrombin generation capacity leads to
generation of clots that are composed of loosely woven
fibrin strands that are permeable and prone to fibrinolysis,
whereas higher thrombin generation capacity leads to clots
that are composed of a dense network of fibrin strands that
are less permeable and more resistant to fibrinolysis.'*'®

Adequate thrombin generation capacity is therefore
crucial for successful primary hemostasis and can be
influenced by many factors in the coagulation cascade. As
such, thrombin generation dynamics may be a good
indicator of global hemostatic function,'’™'* allowing for
targeted, individualized bleeding management in the
perioperative setting.

Impaired thrombin generation in cardiac surgery

Cardiac surgery can lead to impaired thrombin generation
via several mechanisms (Fig. 1). To prevent catastrophic
clotting during CPB, unfractionated heparin is
administered to block thrombin generation during CPB
and is then neutralized with protamine after CPB. Heparin
inhibits thrombin generation during CPB primarily by
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Fig. 1 Factors that may lead to impaired thrombin generation during
cardiac surgery. AT = antithrombin; CPB = cardiopulmonary bypass;
TFPI = tissue factor pathway inhibitor; UFH = unfractionated heparin

binding to antithrombin and accelerating (by
approximately 1,000-fold) the inactivation of thrombin
and other serine proteases, including factors IXa and Xa,
by antithrombin.?® Thrombin generation, however, is not
completely inhibited by heparin during CPB, which can
lead to a progressive consumption of coagulation factors
during and after CPB.*** This consumption, in
conjunction with perioperative blood loss and CPB-
associated hemodilution, causes a substantial (30-40%)
drop in most coagulation factor levels (including
prothrombin) and platelets,' and thus impairs thrombin
generation. Heparin also causes a substantial increase in
tissue factor pathway inhibitor levels that remain elevated
even after heparin is neutralized with protamine.'' Tissue
factor pathway inhibitor is a reversible inhibitor of the TF-
FVIIa-FXa complex and thus a potent inhibitor of thrombin
generation at the site of endothelial injury.'"**** Further
contributing to impaired thrombin generation during
cardiac surgery is the progressive platelet dysfunction
that occurs during CPB' and after protamine
administration,” impairing platelet-induced thrombin
generation.*

Measurement of thrombin generation capacity

Currently, no assays that specifically measure thrombin
generation are available for clinical use. There is, however,
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Fig. 2 Thrombogram parameters. A = lag time (min); B = maximal
rate (nM-min!); C = peak height (nM); D = time to peak (min); E =
endogenous thrombin potential (ETP) which is equivalent to the area
under the curve. Modified with permission from: Hemker HC, Al
Dieri R, De Smedt E, Beguin S. Thrombin generation, a function test
of the haemostatic-thrombotic system. Thromb Haemost 2006; 96:
553-61. The parameters correspond to the following phases of
thrombin generation: phase 1 (initiation and amplification phases of
coagulation) x~ A; phase 2 (maximum rate of increase in thrombin
generation) ~ B; phase 3 (time to and peak thrombin generation) ~
C and D; and phase 4 (shaded area: total amount of thrombin
generation) ~ E.'
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increasing experience with research-based assays, such as
the calibrated automated thrombogram (CAT),">?7! that
can reliably measure thrombin concentration during the
distinct phases of coagulation outlined above.

The CAT uses automated fluorometres, microplate
technology, and a slow-acting thrombin-specific
fluorogenic  substrate (that allows for continuous
measurement of cleaved substrate) to simultaneously
measure thrombin concentration in multiple samples.?*~°
The resulting “thrombogram”, or thrombin generation
curve, measures the dynamic thrombin concentration
changes during the phases of coagulation outlined earlier
and illustrated in Fig. 2.

After activation (usually with low concentrations of
tissue factor), the CAT can measure thrombin generation in
citrated plasma samples with or without platelets (platelet-
poor samples require addition of procoagulant
phospholipids to augment tissue factor), but not in whole
blood.*® Thus, it measures thrombin generation in the
presence of the full spectrum of plasma coagulation
proteins close to their physiologic concentrations and, in
platelet-rich samples, captures the influence of platelets on
thrombin generation.”” Its results, however, are highly
dependent on sample preparation (citrate or other
anticoagulants) and activation.”®?° Moreover, because of
technical issues, CAT cannot measure thrombin generation
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in whole blood, and thus the important effects of red cells
(which may promote thrombin generation by exposing
coagulant phospholipids on their surfaces) and white cells
(which express tissue factor) are not captured in the
resulting thrombogram.*® Next-generation assays currently
in development are designed to address the limitations of
CAT and may be able to provide reliable, point-of-care
measures of thrombin generation capacity in
whole blood.**?

Meanwhile, to diagnose impaired thrombin generation
capacity, clinicians have to rely on traditional coagulation
assays that measure fibrin clot formation rather than
thrombin generation specifically. These include the end-
point assays activated clotting time (ACT), prothrombin
time (PT), and partial thromboplastin time (PTT), which
measure the time from coagulation activation (after
addition of relevant triggers) to initiation of fibrin clot
formation. Since blood and plasma start to clot in vitro
after only a small (< 5%) amount of prothrombin is
converted to thrombin, these assays provide very little
information on overall thrombin generation capacity.’*

Quantitative assays of thrombin generation that measure
the by-products of thrombin formation (e.g., prothrombin
fragment 1.2 and thrombin-antithrombin complexes)
provide more information on how much thrombin has
been generated, and have been used in studies examining
coagulation after CPB to indicate thrombin
formation.'>>3®  These assays, however, require
specialized laboratory expertise and equipment, have long
analysis times, and do not fully describe the kinetics or
tensile strength of an in vivo clot.

Another group of assays are viscoelastic coagulation
assays, such as rotational thromboelastometry (ROTEM)
and thromboelastography (TEG), which provide a global
measure of fibrin clot formation in whole blood.'”*” While
the clinical utility of these assays for managing
perioperative coagulopathy has been shown,>’ ™ they
suffer from the same limitation of end-point assays in
that they do not measure thrombin generation
specifically.® Nevertheless, several parameters derived
from the clotting curves of these assays indirectly reflect
the course of thrombin generation.*” One parameter is the
measure of the time from coagulation activation to
initiation of fibrin clot formation (clotting time in
ROTEM, and R in TEG). Similar to PT and PTT,
however, this parameter only measures the initiation
phase of thrombin generation. Other parameters that
reflect the velocity profile (i.e., slope) of the clotting
curve have been correlated with thrombin generation
measures and bleeding in various settings.’*™** These
include the time from first fibrin clot formation until the
clot is 20 mm wide (clot formation time in ROTEM, and K
in TEG), and the first derivative plot of the clot formation

curve to generate the “thrombus generation velocity
curve”. As noted, however, these parameters do not
actually measure thrombin generation; rather, they
measure Kinetics of fibrin clot formation.

Prevalence and clinical relevance of impaired thrombin
generation in cardiac surgery

Despite the central role of thrombin generation in
coagulation and conduct of CPB, data on the prevalence
and clinical relevance of impaired thrombin generation in
cardiac surgery is limited to a few small observational
studies, which is not surprising given the limitations in
diagnostic assays noted above.

Percy et al.*® studied 102 patients undergoing cardiac
valve surgery with CPB and found that, compared with
baseline levels, there was a greater than 50% drop in
thrombin generation potential after CPB. In similar studies,
Coakley et al.'® (n = 77) and Bosch et al.'' (n = 29) also
found that CPB led to similar drops in thrombin generation
potential. These studies, however, were not equipped to
delineate the risk factors for impaired thrombin generation
nor were they able to elucidate its relationship with
postoperative coagulopathy or bleeding. An important
consideration when exploring the role of impaired
thrombin generation is the natural variability in baseline
thrombin generation, as studies have found an inverse
relationship  between patients’ baseline thrombin
generation potential and postoperative bleeding.'**°

Studies have also assessed the relationship of thrombin
generation with assessment of hemostasis and potential for
guiding hemostatic therapy outside of the cardiac surgery
setting (e.g., von Willebrand disease, hemophilia).*’~*
There are, however, scant data on the potential clinical
applications of thrombin generation tests or the clinical
impact of impaired thrombin generation on coagulation.
Until a reliable, whole blood-based point-of-care assay that
directly measures thrombin generation becomes available,
it seems reasonable to consider impaired thrombin
generation as a cause of cardiac surgery-associated
bleeding by a process of elimination. That is, after
exclusion of other identifiable causes of coagulopathy—
e.g., non-specific causes such as hypothermia or specific
causes such as thrombocytopenia, platelet dysfunction, or
hypofibrinogenemia—one could consider therapeutic
interventions aimed at improving thrombin generation.
As an example, a coagulation management algorithm that
uses such a step-wise approach to diagnosis and therapy
has proven successful in reducing bleeding and
transfusions in clinical trials.*®® For management of
non-surgical bleeding during or after cardiac surgery, this
algorithm first targets correction of thrombocytopenia,
platelet dysfunction, and hypofibrinogenemia. If bleeding
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continues after these factors have been corrected, the
algorithm recommends targeting impaired thrombin
generation, either confirmed by relevant assays (e.g.,
elevated ROTEM clotting time or international
normalized ratio) or empirically. In a cluster randomized
trial, the algorithm significantly reduced surgical re-
exploration, and red-cell and platelet transfusions.*®
Clearly, however, one cannot determine which
component of the algorithm (if any) was responsible for
improving the outcomes. Nevertheless, it would be
reasonable to expect that the addition of a quantifiable
parameter that can reliably identify impaired thrombin
generation could improve the management of coagulopathy
and further improve outcomes.

Available hemostatic interventions for improving
thrombin generation

Current options for improving thrombin generation include
the administration of plasma, prothrombin complex
concentrates (PCCs), and bypassing agents (recombinant
activated factor VIIa [rFVIIa] and factor eight inhibitor
bypassing activity [FEIBA]).

Plasma contains the full complement of coagulation
factors, fibrinogen, plasma proteins such as albumin, as
well as naturally occurring anticoagulant proteins (i.e.,
protein C, protein S, antithrombin, tissue factor pathway
inhibitor). Thus, plasma delivers a balanced array of
coagulation factors and can thereby improve thrombin
generation.45 Nevertheless, the concentration of factor
concentrates in plasma varies from unit to unit, and the
recommended dose of 10-15 mL-kg™~" in bleeding patients
is aimed at increasing plasma factor concentrates in general
rather than improving thrombin generation per se.”!

Prothrombin complex concentrates are derived from
plasma and contain factors II, VII, IX, and X, as well as
anticoagulants protein C, protein S, and heparin. There are
3-factor and 4-factor PCCs available, with the difference
being the presence of factor VII (only in the 4-factor
PCC).”* While primarily developed for reversal of vitamin
K antagonists, their use for management of perioperative
bleeding is increasing.’>° There is gathering evidence
that PCCs augment thrombin generation in the setting of
oral anticoz:lgulation,57 in models of dilutional
coagulopathy,”® and post-CPB.**%*®" Animal models
have shown that this effect is correlated with reductions in
diffuse bleeding,”® but clinical data connecting improved
thrombin generation to reduced bleeding and transfusions
are lacking. While PCCs do not have the full complement
of coagulation factors that plasma has, the relative
advantages of PCCs over plasma include a lower volume
of infusion, more predictable pharmacodynamic profile,
and lower risk of transmission of pathogens. There are,
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however, theoretical concerns regarding the potential for
late thromboembolic events due to an imbalance between
procoagulant and anticoagulant proteins in bleeding
patients who receive repeated doses of PCCs.>

Recombinant activated factor VII (rFVIla) is a potent
pro-hemostatic agent that is approved for use in
hemophiliac  patients with inhibitors, factor VII
deficiency, and Glanzmann’s thrombasthenia. It acts by
binding to the surface of platelets and directly activating
factors IX and X, resulting in a dose-dependent increase in
thrombin generation that leads to the formation of a well-
structured fibrin clot that is resistant to fibrinolysis.®'
Outside of approved indications, rFVIla is used in cardiac
surgery to treat bleeding patients in whom other hemostatic
agents have failed.®> In a placebo-controlled double-
blinded randomized trial in patients bleeding after cardiac
surgery, rFVIIa reduced transfusions and the need for
surgical re-exploration, but the number of critical adverse
events was higher in the rFVIIa group.®® If considering the
off-label use of rFVIIa to control refractory bleeding,
clinicians are advised to consider the potential for
thromboembolic events, to administer lower doses than
those used in hemophiliac patients (a dose of 35-70
ng-kg™" has been shown to be effective),** and correct
other hemostatic parameters before administering rFVIIa.®

Factor eight inhibitor bypassing activity (FEIBA) is
another procoagulant agent that has been used in managing
refractory bleeding. It is an anti-inhibitor coagulation
complex that contains primarily non-activated but also
activated factors II, VII, IX, and X.°° Similar to rFVIIa,
FEIBA acts on platelets to increase thrombin generation.®®
As its name suggests, FEIBA is almost exclusively used as
a bypassing agent in hemophiliac patients with inhibitors,
and published experience in cardiac surgery for patients
without hemophilia is scarce.®”*® To our knowledge, no
guidelines currently recommend the use of FEIBA for
management of bleeding in cardiac surgery.

Comparative clinical studies between treatment options
for impaired thrombin generation are lacking. In vitro
exploratory studies have shown that addition of plasma,
PCC, rFVIIa, and FEIBA to post-CPB blood samples all
significantly increase thrombin generation.*>*® Clearly,
however, clinical trials are needed to determine the effect
of these therapies on thrombin generation in vivo and to
compare their relative clinical effectiveness in controlling
bleeding caused by impaired thrombin generation.

Conclusions
Postoperative bleeding remains a significant source of

morbidity and mortality for patients undergoing cardiac
surgery. Given the importance of thrombin generation in
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coagulation, further work is needed to improve our
understanding of the role of impaired thrombin
generation in perioperative coagulopathy and how best to
diagnose and treat impaired thrombin generation as a cause
of perioperative bleeding. To date, no thrombin
measurement assays can be used clinically, and current
transfusion algorithms generally address impaired
thrombin generation as a diagnosis of exclusion. In the
future, thrombography may be useful in assessing the
specific contribution of impaired thrombin generation to
the coagulopathy, allowing us to advance the use of
targeted hemostatic therapy for bleeding patients.
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