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A B S T R A C T

Normal haemostasis requires maintenance of a careful equilibrium between the necessity to clot when bleeding
and the retention of fluid phase at all other times. Disruption of this equilibrium can result in catastrophic
outcomes, e.g. acute myocardial infarction and pulmonary embolism. However, despite the significant ther-
apeutic advances in cardiovascular medicine over recent years, our ability to provide an accurate cardiovascular
risk assessment remains an unmet need. Routine coagulation testing is not a useful reflection of haemostasis and
cannot be reliably used to predict bleeding and thrombosis risks. Global coagulation assays such as viscoelastic
testing, thrombin and fibrin generation have been proposed as better measures of the haemostatic function.
These assays, particularly viscoelastic testing, have been increasingly used to assess bleeding risks and guide
blood product replacement in trauma and massive transfusion settings. However, the role of these assays in
thrombosis is less well-defined but given the complexities of the coagulation system, these global coagulation
assays when used in combination may provide a better assessment of cardiovascular and thrombosis risk at an
individual level. Hence, we explore the role of some of the currently available global coagulation assays – the
viscoelastic, thrombin generation and fibrin generation tests – and provide a review of the literature of the
current evidence for these assays specifically in the field of venous thromboembolism and cardiovascular dis-
eases.

1. Introduction

Normal haemostasis requires the careful maintenance of equili-
brium between the necessity to clot when bleeding and the retention of
fluid phase at other times. In-vivo haemostasis is achieved by a balance
between platelet adhesion and aggregation on vascular endothelium,
activation of coagulation cascade and fibrinolytic as well as antic-
oagulant mechanisms. Disruption of this delicate equilibrium may re-
sult in the pathological states of thrombosis or bleeding [1]. The burden
of this disequilibrium globally is significant; ischemic heart disease and
stroke, accounted for 15.2 million deaths in 2016 and are leading
causes of global morbidity, mortality and health expenditure [2]. The
interplay between known cardiovascular risks (e.g. dyslipidaemia,

smoking and hypertension) probably dictates the development of the
pathological thrombosis but there are no readily available biomarkers
that quantify the risk of thrombosis. One explanation may be that
cardiovascular disease (CVD) and venous thromboembolism (VTE)
often have multifactorial haemostatic contributors, hence the risk-
stratification may require a combination of biomarker with the ability
to globally integrate them all.

Our routine coagulation tests such as prothrombin time (PT) and
activated partial thromboplastin time (aPTT) were developed primarily
to monitor anticoagulants such as warfarin and heparin respectively,
and are not useful for predicting the bleeding, thrombotic or cardio-
vascular risk. These tests only evaluate the time to the start of clot
formation; however 95% of thrombin generation occurs subsequent to
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this step [3]. Logically, evaluation of total clot formation and lysis, may
provide a better assessment in-vivo coagulation status and hence
thrombotic and bleeding risk. Therefore, a more global assessment of
the coagulation system, including the final products of the coagulation
cascade, such as fibrin and thrombin, is required. Global coagulation
assays, such as thromboelastography and thrombin generation, have
been proposed as better measures of haemostatic function.

An ideal haemostasis assessment should be reliable, reproducible,
performed easily and rapidly and demonstrate correlation with risks of
bleeding or thrombosis. Preceding attempts to develop global assays in
the 1940s and 1950s were limited by lack of accessibility and operator
reproducibility as well as being too time intensive [4]. However, recent
technological advancements, particularly techniques in the automation
and standardisation of global assays, have led to the resurrection of
interest in these assays, with increasing acceptance in clinical applica-
tions. Thromboelastography is now increasingly being used as a point-
of-care device to guide blood product replacement in bleeding and
trauma [5,6]. However, the role of these assays in thrombotic situations
has not been widely evaluated and may be a more holistic predictor of
subsequent thrombotic risk.

Herein, we describe some of the currently available global coagu-
lation assays: viscoelastic assessment, and quantification of thrombin
using calibrated automated thrombogram (CAT) as well as fibrin gen-
eration using overall haemostatic potential (OHP), specifically in
thrombotic situations such as CVD and VTE.

2. The principle of global coagulation assays

2.1. Thrombin generation using calibrated automated thrombogram (CAT)

Thrombin is one of the key components of the haemostatic system
[7], contributing not only to clot formation through the conversion of
fibrinogen to fibrin, but also through direct and indirect feedback on
blood and the vessel wall, such as the activation of thrombomodulin, a
co-factor in the activation of the protein C anticoagulant pathways [8].
The concept of total thrombin measurement was first introduced in the
1950s by MacFarlane & Biggs (in whole blood) and Pitney & Dacie (in
plasma) respectively [9,10] although it was not until many years later
that Hemker et al. pioneered the CAT methodology [3]. Thrombin
generation via CAT uses a fluorogenic thrombin substrate and con-
tinuous comparison to a simultaneously run calibrator to determine the
rate and extent of thrombin generated after the addition of a tissue
factor stimulus. This reduces the issue of “inner filter effect”, where
fluorescent molecules absorb the light from other product molecules
[3], one of the main problems faced by earlier versions of thrombin
generation. In addition to correction for the inner filter effect, the ca-
librator also corrects for the colour of the plasma, substrate depletion
and quantification of the fluorescent signal. Thrombin generation can
be performed on platelet-poor plasma to detect coagulation factor de-
ficiencies and evaluate effect of anticoagulants, or on platelet-rich
plasma to investigate platelet defects and effect of antiplatelet drugs.
However, there is lack of standardisation between laboratories with
some generating their own regents resulting in inter-laboratory varia-
bility the tissue factor and phospholipid concentration as well as ad-
dition of thrombomodulin. Loeffen et al. had analysed different pre-
analytic variables and validated the CAT method as well as highlighted
the need for an international standardised protocol [11]. Of note, the
International Society of Thrombosis and Haemostasis (ISTH) have re-
cently made some recommendations for the standardisation of the
measurement of thrombin generation in haemophilia using CAT [12].
There are also current efforts to provide an automated standardised
method for thrombin generation with an example of this being the ST-
Genesiia analyser (Diagnostica Stago, France). Fig. 1 shows the classic
thrombin generation curve in which a series of parameters can be cal-
culated.

Of note, CAT measures the capacity of plasma to form thrombin (ex-

vivo thrombin generation) and is an indicator of the potential function
of the haemostatic process as well as reflection of bleeding and clotting
risk [13]. This is different to in-vivo thrombin generation which mea-
sures thrombin formation in the body at a particular timepoint and
reflects current ongoing pathology, as measured using prothrombin
fragment 1+2 (F1+ 2), a polypeptide released from the prothrombin
during its activation to thrombin by the prothrombinase complex, as
well as thrombin-antithrombin (TAT) complexes [13]. This literature
review focuses on ex-vivo global coagulation assays, as the challenge
clinically remains to predict future events.

2.2. Viscoelastic tests

The first viscoelastic testing, known as thromboelastography, was
reported in 1948 by Hartert [14]. Thromboelastography utilises me-
chanical rotation to detect global dynamics of clot formation, stabili-
sation and dissolution, which is thought to reflect in-vivo haemostasis
[15,16]. This method was originally criticised to be “too global” and
cumbersome, which prevented the acceptance of this test for routine
use [4]. Since then, there have been significant advancements in au-
tomation as well as the development of new trigger reagents which
have led to the broadening of the clinical utility of this test.

The two most common commercial viscoelastic testing devices are
thromboelastography (TEG®, Haemonetics®, United States) and rota-
tional thromboelastometry (ROTEM®, Haemoview Diagnostics,
Australia) (Fig. 2A & B). The TEG®5000 assesses whole blood clot for-
mation via a pin suspended at 4°45′ in an oscillating cup, heated to
37 °C. As the clot forms, the fibrin strands increase the torsion around
the wire, and subsequently as fibrinolysis evolves, these strands break
down, thus reducing the torque on the torsion wire. These changes in
torque are then transmitted through a detector which assesses the
quantitative parameters of the sample to produce a graphical re-
presentation as seen in Fig. 2A. In the case of ROTEM®, it is the plastic
pin rather than the cup that moves. Fig. 2B illustrates the key para-
meters in ROTEM®. While TEG®5000 and ROTEM® are similar in their
methodology, their results are not interchangeable and ROTEM is less
susceptible to movement and vibration [17–19]. The differences in the
results can be attributable to the type of blood used (native whole blood
vs citrated re-calcified blood) [20,21] and the different types and
concentration of activators used to trigger the coagulation reaction
[22]. However, the emergence of the new TEG®6s technology which
measures clot viscoelasticity using a resonance method has been asso-
ciated with greater ease of use with less susceptibility to vibration
compared to its predecessor, however, again the transability of these
results to other viscoelastic testing is unclear.

2.3. Fibrin generation using overall haemostatic potential assay (OHP)

The overall haemostatic potential assay (OHP) is based on a fibrin-
aggregation curve made with the analysis of citrated plasma samples
and utilises serial spectrophotometric registration to calculate fibrin
generation and fibrinolysis. This is achieved via assessing two samples
in parallel - one with thrombin only (to calculate the overall coagula-
tion potential (OCP)) to drive the catalytic reaction that converts fi-
brinogen to fibrin, and the second with addition of tissue plasminogen
activator (to calculate the OHP) to activate the plasminogen to produce
plasmin, which consecutively digests the fibrin. The difference in these
curves culminates in the overall fibrinolytic potential (OFP) (Fig. 3)
[23].

3. Global coagulation assays in cardiovascular disease and venous
thrombosis

While viscoelastic tests are increasingly used in the clinical man-
agement of bleeding patients, there are emerging potential applications
of these assays in thrombotic and cardiovascular diseases. An
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interesting contradiction between bleeding and thrombotic state is in
liver cirrhosis in which patients can experience thrombotic complica-
tions despite seemingly “hypocoagulable” parameters on conventional
testing, particularly thrombocytopenia and prolonged prothrombin
time. In contrast, thrombin generation parameters have previously been
shown to be consistent with a hypercoagulable profile instead, con-
firming that INR or PT should not be used to assess coagulopathy in
these patients [24]. This is postulated to be due to loss of anticoagulants
such as antithrombin and protein C and may explain why patients with
liver dysfunction can have thrombotic complications despite having a
prolonged prothrombin time [25]. Similarly, a randomized controlled
trial demonstrated that TEG-guided transfusion strategy in cirrhotic
patients with coagulopathy led to significantly lower use of blood
products compared to standard of care (transfusion guided by INR and
platelet count), without an increase in bleeding complications [26].

3.1. Venous thrombosis

Thrombin generation has also been shown to not only detect pro-
thrombotic phenotype but also predict recurrent VTE risks (Table 1)
[27–29]. Some studies have demonstrated that thrombin generation
measured in the presence of thrombomodulin allows for better appre-
ciation of risk of recurrent VTE compared to measurement performed in
the absence of thrombomodulin [29]. In one study, patients with first
unprovoked VTE and raised thrombin generation parameters (ETP or
peak) in the presence of thrombomodulin a month after discontinuation
of treatment with vitamin K antagonists had greater risk of recurrence
(ETP – Hazard ratio (HR) 3.41; peak – HR 4.57) [30]. Another study
evaluating thrombin generation together with D-dimer 3 weeks post
anticoagulation cessation, demonstrated that a raised ETP, in addition
to a raised D-dimer, predicted patients with the highest risk of recurrent
thrombosis (2.8 fold; 95% confidence interval (CI) 1.5–5.3) [31]. The
Vienna Cancer and Thrombosis study reported that an elevated peak
thrombin in their cohort of 1033 cancer patients showed increased risk
of VTE (HR 2.1; 95% CI 1.3–3.3) [32]. Table 1 provides a summary of
the key studies evaluating thrombin generation and viscoelastic testing
in VTE.

Another important role of thrombin generation in VTE is its po-
tential role in evaluating the therapeutic efficacy of direct oral antic-
oagulants (DOAC). DOAC have revolutionised anticoagulation man-
agement, primarily because of their stable pharmacokinetics that
obviate the need for regular monitoring. However, whilst drug levels
can be measured, there currently remains no assay that can measure in-

vivo anticoagulant effect of these drugs. Previous studies have de-
monstrated that the anticoagulant effect of DOAC can be measured
using thrombin generation [41,42] and may help to predict the balance
between safe anticoagulant effect and proportional decrease of throm-
botic risk. A small in-vitro study has demonstrated significant inter-
individual variability despite spiking with fixed dose of DOAC, sug-
gesting that individual responses to DOAC may be different, and could
explain failure of DOAC therapy in some patients [41].

The role of thromboelastography in venous thrombosis is less clear
with some studies showing no difference in thromboelastography
parameters between normal controls and patients with VTE [36,37]
while one study of trauma patients demonstrated that the rate of DVT
doubled in patients with hypercoagulable TEG indices, despite throm-
boprophylaxis [38]. It has also been demonstrated that while ROTEM
parameters were significantly more hypercoagulable in lung cancer
patients, there were no differences seen between patients who devel-
oped venous thromboembolic complications compared to those who
did not. However, it should be noted that the former group only con-
tained six patients [39].

The OHP assay has not been widely studied in thrombosis. Curnow
et al. compared 161 clinically hypercoagulable patients with arterial or
VTE, pregnancy complications or autoimmune disease (including 90
patients with antiphospholipid antibodies) to 98 normal controls and
found increased fibrin generation and reduced fibrinolysis in the hy-
percoagulable patients [43].

3.2. Cardiovascular disease and stroke (acute events)

The role of thrombin generation in pathogenesis of cardiovascular
disease is less clear, with mixed data seen in both acute cardiovascular
events and chronic cardiovascular diseases. While many studies have
shown that thrombin generation is increased during acute coronary
syndromes [44–47], the data is more variable in patients with acute
ischemic strokes. A prospective cohort study of 205 stroke patients
found that peak thrombin concentrations were variable among stroke
patients but overall higher while another study, using similar platelet-
poor plasma and 5pM tissue factor with 4 μM of phospholipids, reported
that ETP and peak thrombin were not useful to define hypercoagul-
ability in patients with acute ischemic stroke [48,49].

Viscoelastic testing has been previously also explored in cardio-
vascular disease and stroke in a number of small observational studies.
A prospective study investigating the utility of TEG® and outcomes in
ischemic strokes showed that higher maximum amplitude is associated

Fig. 1. An example of an automated thrombogram mea-
sured using CAT. The parameters are lag time (time re-
quired to reach 10 nM thrombin or one-sixth of the peak
height), peak height, velocity index (maximum slope of
the initial part of the curve) and endogenous thrombin
potential (ETP, total amount of thrombin i.e. area under
the curve).
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with more severe strokes, longer hospital stays, and poorer one-year
functional outcome post stroke (odds ratio 1.192, p= .022) although
there was no significant difference seen in the one-year cumulative first
ischemic event recurrence [50]. Another prospective observational
study of 35 consecutive patients presenting to hospital with acute
thrombotic complications including myocardial infarction and acute
ischemic stroke showed that ROTEM may be a reliable method to detect
hypercoagulable states [51], and other studies have shown that hy-
percoagulability identified by TEG or ROTEM prior to surgeries in-
cluding cardiac surgery correlated to increased risk of postoperative
arterial and/or venous thromboembolic complications [40,52]. There
have been a number of small studies that have evaluated the efficacy of
antiplatelet therapy in patients with acute myocardial infarction and
preliminary data has shown the ability of ROTEM to identify changes in
haemostasis in patients on antithrombotic therapy, although how these
changes may affect outcomes remain uncertain [53].

However, the global coagulation assay results obtained during acute
thrombotic events should be interpreted with caution. Acute events
such as acute myocardial infarction are associated with profound sys-
temic inflammatory response such as elevation of cytokines and

chemokines as well as leucocytes and platelets in addition to local in-
flammation [54]. Thrombin also plays a key role in inflammatory dis-
eases and hence the proinflammatory response following an acute
thrombotic event may confound the results, making it difficult to de-
lineate the effect of the acute cardiovascular event versus systemic in-
flammatory response.

Moreover, there has been recent interest in the reassessment of the
mechanisms of acute coronary syndrome particularly with improve-
ment in the management of traditional risk factors. Libby and
Pasterkamp et al. have described the different characteristics between
superficial plaque erosion and plaque rupture [55], of which both can
contribute to acute coronary syndromes and hence, may have profound
clinical implications and impact on global coagulation assays measured
in the acute setting. In addition, while endothelium is essential to
mediate haemostasis and prevent thrombosis, the endothelial con-
tribution to acute thrombus formation is not covered by global coagu-
lation assays. To add to the complexity, each vascular bed has unique
structural and functional properties with site-specific properties in
balancing homeostasis and focal vascular pathology [56,57], making
assessment of endothelial function another whole field of study.

Fig. 2. The principles of TEG® and ROTEM® are as illustrated in panels A and B respectively alongside their corresponding graphical outputs. The key parameters
measured by these technologies include: the time to initial fibrin formation (reaction time (TEG®); clotting time [CT] (ROTEM®)); the kinetics of fibrin formation and
clot development (alpha angle (TEG® and ROTEM®)); the maximal strength and stability of the fibrin clot (maximum amplitude [MA] (TEG®); maximum clot firmness
[MCF] (ROTEM®)); and the fibrinolysis phase (LY30 or percentage decrease in amplitude at 30min post maximum amplitude (TEG®); clot lysis [CL] (ROTEM®).
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Table 2 provides a summary of summary of the key studies evalu-
ating thrombin generation and viscoelastic testing in acute and chronic
cardiovascular disease as well as stroke.

3.3. Cardiovascular Disease (Chronic risk factors and/or prediction for
future events)

Interestingly, the data for global coagulation assays collected at
time of acute cardiovascular event differ from those in patients with
chronic risk factors or at risk of future events. The exact relations be-
tween the levels of thrombin generation and risk of development of
cardiovascular events over time remains unanswered, suggesting a
more complex role of thrombin in cardiovascular disease and a possible
compensatory mechanism. Plasma prothrombin fragment (F1+2), a
measure of in-vivo thrombin generation, was measured in a population
of 181 middle-aged subjects without clinically overt atherosclerotic
disease [70]. F1+2 as measured by ELISA was found to be associated
with carotid intima-media thickness, suggesting a relationship between
thrombin generation and the development of atherosclerosis [70].

Previous studies have shown associations between risk of coronary
heart disease and thrombin generation, albeit with mixed data. A large
French prospective cohort study of over 9000 subjects aged> 65 years
established a case cohort study in which they found that thrombin
generation (ETP and peak height measured using CAT) positively cor-
related with risk of acute ischemic stroke particularly in women, but
not coronary heart disease [59]. However, some studies have demon-
strated a paradoxical inverse association or no relationship between
thrombin generation and risk of recurrent cardiovascular events
[47,58,60,62]. In the LURIC study, the event-free survival in in-
dividuals undergoing coronary angiography was lower in the in-
dividuals in the lowest ETP quartile (measured using the chromogenic
INNOVANCE ETP assay) compared to those in the highest quartile
(p= .004) [60]. In contrast, the multi-centre prospective PROSPER
study (PROspective Study of Pravastatin in the Elderly at Risk) did not
demonstrate association between thrombin generation (measured using
CAT) and coronary heart disease although it did demonstrate that de-
creased thrombin generation is an independent predictor for stroke in
elderly patients [61]. However, the studies mentioned, contrast other
studies which found that increased thrombin generation correlated with
the severity of coronary artery calcification [63–65].

Cardiovascular risk factors have also been shown to influence
thrombin generation although the overall impact of risk factors on
thrombin has not been fully elucidated. Obese patients have interest-
ingly demonstrated more hypercoagulable clot formation compared to

normal controls [69], an important observation to note given the role of
obesity in cardiovascular disease. The Hoorn study measured thrombin
generation using CAT in 586 individuals and found that total body fat,
particularly central adiposity, was positively associated with higher
peak height and ETP in women but not men, and the association was
independent of traditional cardiovascular risk factors although atte-
nuated by low-grade inflammation [71]. Another study measuring
thrombin generation using Technothrombin-TGA before and 2 years
after 36 patients underwent bariatric surgery showed significantly re-
duced peak thrombin (345 to 282 nM p= .015) and area under the
curve (3962 to 3227 nM thrombin; p < .001) after weight loss, which
may in part explain the mortality benefit of weight loss [72].

In summary, these thrombin generation studies suggest that the
formation of thrombin (in-vivo) and potential to generate thrombin (ex-
vivo) are altered in patients with CVD, although the risk associations
remain to be determined given the variability in trend seen. Thrombin
generation is dynamic, and both affects the coagulation cascade, as well
as the anticoagulant pathways through triggering anti-thrombin, in
addition to having a close interaction with the endovascular surface.
Hence, one important question is whether a change in thrombin gen-
eration parameters may be reflecting a loss of equilibrium within the
coagulation cascade, signalling an impending event.

The data for viscoelastic testing in chronic cardiovascular disease is
predominantly from smaller observational studies with those having
cardiovascular risk factors showing hypercoagulable viscoelastic test
parameters. A study of 43 patients with stable coronary artery disease
using ROTEM® showed differences in clot elasticity and formation in
patients with and without diabetes mellitus [67]. This data is further
affirmed by another prospective study of type 2 diabetes mellitus pa-
tients demonstrating similar hypercoagulable findings [68].

Data on OHP is less prevalent with some emerging smaller studies
showing potential in this assay to detect hypercoagulability. OHP has
demonstrated depressed OFP suggesting impaired fibrinolysis in pa-
tients with stable coronary artery disease [73,74]. Interestingly, the
intake of omega-3 polyunsaturated fatty acid which has been inversely
associated with the risk of cardiovascular events has been shown to
reduce fibrin generation and peak thrombin in healthy subjects al-
though the effect was less pronounced in those with CVD [75]. The
addition of this assay to the aforementioned assays will yield a more
complete assessment of the coagulation profile; both thrombin gen-
eration, as well as fibrin generation and fibrinolysis.

Fig. 3. The typical curves generated by the OHP assay to
reflect the balance between the generation and proteo-
lysis of fibrin. The overall haemostatic potential (OHP)
curve is derived using the addition of tissue plasminogen
activator (t-PA) and thrombin to plasma sample and the
overall coagulation potential (OCP) curve is derived with
the addition of thrombin only. The overall fibrinolytic
potential (OFP) is calculated using ((OCP-OHP)/OCP x
100%).
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4. Challenges and controversies

The current available literature of global coagulation assays and
thrombotic disorders is difficult to amalgamate despite the undeniable
role of thrombin in thrombotic disorders. Thrombin has multiple roles
in the coagulation system, including activation and amplification of
coagulation, an anticoagulant role via generation of activated protein C
and regulation of fibrinolysis by thrombin-activatable fibrinolysis in-
hibitor (TAFI). All of these aspects are difficult to capture in a single
assay and may in part explain the contradictory results seen in various
studies due to different methodologies of testing. In addition, the lack of
correlation between in vivo and ex vivo thrombin generation mea-
surements, absence of assay standardisation and lack of agreement on
disease-specific reference ranges are among reasons hampering the use
of thrombin generation in routine clinical practice. However, furthering
our understanding of the multiple roles of thrombin may provide better
understanding of cardiovascular disease and venous thrombosis.

Pre-analytical issues also remain a major challenge, particularly
with thrombin generation. Issues include, collection process, processing
and storage of platelet-poor or platelet-rich plasma, transport of sam-
ples, availability of various commercial assays, different tissue factor
and phospholipid concentrations, analytical variables such as reference
plasma and differing study protocols between laboratories all con-
tribute to the poor reproducibility of the results [11]. Currently, there is
no “ideal” disease-specific tissue factor concentrations nor re-
commendations about addition of thrombomodulin which may explain
the variability in data in various disease states. Previous studies have
found that addition of thrombomodulin can affect thrombin generation
parameters in certain conditions such as liver disease and haemophilia
[76–78] – Protein C, a naturally occurring anticoagulant must be acti-
vated by endothelial receptor thrombomodulin to exert its action and
hence addition of thrombomodulin to the assay allows the assay to
more closely mimic in vivo coagulation [79]. Current efforts to improve
standardisation of the measurement of thrombin generation have been
previously discussed. To improve the reproducibility of these assays it is
recommended that future studies should adhere to the recommended
practices.

In terms of viscoelastic testing, the use of fresh whole blood has
contributed to difficulty in standardisation due to the lack of capacity to
share samples between laboratories for external quality assurance.
Previous studies have showed that the precision of the tests varied
greatly and hence regular external proficiency testing is required [80].
In addition, TEG® and ROTEM results are not cross comparable further
diluting the pool of knowledge of viscoelastic testing in thrombotic
disorders.

Another crucial piece of the puzzle in providing a holistic assess-
ment of cardiovascular and thrombotic risk, is the assessment of the
endothelium and its function. Current global coagulation assays do not
provide an assessment of this, and incorporation of other novel bio-
markers such as P-Selectin, micro-RNA, lipoprotein-associated phos-
pholipase and high- sensitivity C-reactive protein may also reflect other
aspects of the development of atherosclerosis [81] and is important as
we move forward in improving cardiovascular and thrombotic risk as-
sessment.

Nonetheless, this review has highlighted the large and increasing
body of evidence for the role of global coagulation assays in identifying
hypercoagulable state. The next step would be to investigate in if these
assays, both individually or in combination, can be correlated to the
clinical occurrence of cardiovascular and thromboembolic events and
hence allowing for early prophylaxis to reduce the associated morbidity
and mortality.

5. Conclusion

Global coagulation assays provide a novel insight into the in-vivo
coagulation profile of various diseases which are not provided by

standard coagulation testing or clinical surrogate measures. While most
of the evidence and clinical applications are in bleeding disorders, there
is a large body of data that suggest these assays may have an important
role in helping to improve risk prediction models for thrombotic dis-
orders. The challenge now is to translate these observational data into
clinical practice with larger longitudinal prospective studies to evaluate
the predictive capacity of these assays for future thrombotic events.

References

[1] H. Rasche, Haemostasis and thrombosis: an overview, Eur Heart J Supp 3 (2001)
Q3–Q7.

[2] World Health Organisation, The top 10 causes of death, Available at http://www.
who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death , Accessed date:
1 October 2018.

[3] H.C. Hemker, P. Giesen, R. AlDieri, V. Regnault, E. de Smed, R. Wagenvoord,
T. Lecompte, S. Beduin, The Calibrated Automated Thrombogram (CAT): a uni-
versal routine test for hyper- and hypocoagulability, Pathophysiol. Haemost.
Thromb. 32 (2002) 249–253.

[4] M.D. Lancé, A general review of major global coagulation assays: thrombelasto-
graphy, thrombin generation test and clot waveform analysis, Thromb. J. 13
(2015) 1–6.

[5] A. Wikkelsø, J. Wetterslev, A.M. Møller, A. Afshari, Thromboelastography (TEG) or
thromboelastometry (ROTEM) to monitor haemostatic treatment versus usual care
in adults or children with bleeding, Cochrane Database Syst. Rev. 8 (2016)
(CD007871).

[6] K. Sarode, S.S. Hussain, A. Tyroch, D. Mukherjee, A review of the current role of
blood clotting analyzers in clinical practice, Cardiovasc Hematol Disord Drug
Targets 17 (2017) 167–179.

[7] H.C. Hemker, Thrombin generation, an essential step in haemostasis and throm-
bosis, in: A.L. Bloom, C. Forbes, D.P. Thomas, E.G.D. Tuddenham (Eds.),
Haemostasis and Thrombosis, Churchill Livingstone, Edinburgh, 1994, pp.
477–490.

[8] J.E. Sadler, Thrombomodulin structure and function, Thromb. Haemost. 78 (1997)
392–395.

[9] R.G. MacFarlane, R. Biggs, A thrombin generation test; the application in haemo-
philia and thrombocytopenia, J. Clin. Pathol. 6 (1953) 3–8.

[10] W.R. Pitney, J.V. Dacie, A simple method of studying the generation of thrombin in
recalcified plasma; application in the investigation of haemophilia, J. Clin. Pathol. 6
(1953) 9–14.

[11] R. Loeffen, M.C. Kleinegris, S.T. Loubele, P.H. Pluijmen, D. Fens, R. van Oerle,
H. ten Cate, H.M. Spronk, Preanalytic variables of thrombin generation: towards a
standard procedure and validation of the method, J. Thromb. Haemost. 10 (2012)
2544–2554.

[12] Y. Dargaud, A.S. Wolberg, E. Gray, C. Negrier, H.C. Hemker, Subcommittee on
factor VIII, factor IX, and rare coagulation disorders. Proposal for standardized
preanalytical and analytical conditions for measuring thrombin generation in he-
mophilia: communication from the SSC of the ISTH, J. Thromb. Haemost. 15 (2017)
1704–1717.

[13] R. Al Dieri, B. de Laat, H.C. Hemker, Thrombin generation: what have we learned?
Blood Rev. 26 (2012) 197–203.

[14] H. Hartert, Blutgerinnungsstudien mit der Thrombelastographie, einem neuen
Untersuchungsverfahren, Klin. Wochenschr. 26 (1948) 577–583.

[15] V.A. Bowbrick, D.P. Mikhailidis, G. Stansby, The use of citrated whole blood in
thromboelastography, Anesth. Analg. 90 (2000) 1086–1088.

[16] D.J. McCrath, E. Cerboni, R.J. Frumento, A.L. Hirsh, E. Bennett-Guerrero,
Thromboelastography maximum amplitude predicts postoperative thrombotic
complications including myocardial infarction, Anesth. Analg. 100 (2005)
1576–1583.

[17] T. Tomori, D. Hupalo, K. Teranishi, S. Michaud, M. Hammett, D. Freilich,
R. McCarron, F. Arnaud, Evaluation of coagulation stages of hemorrhaged swine:
comparison of thromboelastography and rotational elastometry, Blood Coagul.
Fibrinolysis 21 (2010) 20–27.

[18] L.F. Venema, W.J. Post, H.G. Hendriks, R.C. Huet, J.T. de Wolf, A.J. de Vries, An
assessment of clinical interchangeability of TEG and RoTEM thromboelastographic
variables in cardiac surgical patients, Anesth. Analg. 111 (2010) 339–344.

[19] M. Coakley, K. Reddy, I. Mackie, S. Mallett, Transfusion triggers in orthotopic liver
transplantation: a comparison of the thromboelastometry analyzer, the thromboe-
lastogram, and conventional coagulation tests, J Cardiothoracic Vasc Anesth 20
(2006) 548–553.

[20] A. Zambruni, U. Thalheimer, G. Leandro, D. Perry, A.K. Burroughs,
Thromboelastography with citrated blood: comparability with native blood, stabi-
lity of citrate storage and effect of repeated sampling, Blood Coagul. Fibrinolysis 15
(2004) 103–107.

[21] J.L. Kashuk, E.E. Moore, T. Le, J. Lawrence, M. Pezold, J.L. Johnson, C.C. Cothren,
W.L. Biffl, C. Barnett, A. Sabel, Noncitrated whole blood is optimal for evaluation of
postinjury coagulopathy with point-of-care rapid thrombelastography, J. Surg. Res.
156 (2009) 133–138.

[22] B. Sorensen, P. Johansen, K. Christiansen, M. Woelke, J. Ingerslev, Whole blood
coagulation thrombelastographic profiles employing minimal tissue factor activa-
tion, J. Thromb. Haemost. 1 (2003) 551–558.

[23] S. He, K. Bremme, M. Blombäck, A laboratory method for determination of overall
haemostatic potential in plasma. I. Method design and preliminary results, Thromb.

H.Y. Lim, et al. Thrombosis Research 179 (2019) 45–55

53

http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0005
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0005
http://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0015
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0015
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0015
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0015
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0020
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0020
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0020
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0025
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0025
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0025
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0025
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0030
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0030
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0030
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0035
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0035
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0035
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0035
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0040
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0040
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0045
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0045
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0050
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0050
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0050
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0055
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0055
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0055
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0055
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0060
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0060
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0060
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0060
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0060
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0065
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0065
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0070
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0070
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0075
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0075
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0080
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0080
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0080
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0080
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0085
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0085
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0085
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0085
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0090
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0090
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0090
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0095
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0095
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0095
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0095
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0100
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0100
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0100
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0100
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0105
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0105
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0105
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0105
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0110
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0110
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0110
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0115
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0115


Res. 96 (1999) 145–156.
[24] A. Gatt, A. Riddell, V. Calvaruso, E.G. Tuddenham, M. Makris, A.K. Burroughs,

Enhanced thrombin generation in patients with cirrhosis-induced coagulopathy, J.
Thromb. Haemost. 8 (2010) 1994–2000.

[25] A. Tripodi, P.M. Mannucci, The coagulopathy of chronic liver disease, N. Engl. J.
Med. 365 (2011) 147–156.

[26] L. De Pietri, M. Bianchini, R. Montalti, N. De Maria, T. Di Maira, B. Begliomini,
G.E. Gerunda, F. di Benedetto, G. Garcia-Tsao, E. Villa, Thrombelastography-guided
blood product use before invasive procedures in cirrhosis with severe coagulopathy:
a randomized, controlled trial, Hepatology 63 (2016) 566–573.

[27] Y. Dargaud, M. Trzeciak, J.C. Bordet, J. Ninet, C. Negrier, Use of calibrated auto-
mated thrombinography +/− thrombomodulin to recognise the prothrombotic
phenotype, Thromb. Haemost. 96 (2006) 562–567.

[28] M. Besser, C. Baglin, R. Luddington, A. van Hylckama Vlieg, T. Baglin, High rate of
unprovoked recurrent venous thrombosis is associated with high thrombin-gen-
erating potential in a prospective cohort study, J. Thromb. Haemost. 6 (2008)
1720–1725.

[29] A. Tripodi, I. Martinelli, V. Chantarangkul, T. Battaglioli, M. Clerici, P.M. Mannucci,
The endogenous thrombin potential and the risk of venous thromboembolism,
Thromb. Res. 121 (2007) 353–359.

[30] A. Tripodi, C. Legnani, V. Chantarangkul, B. Cosmi, G. Palareti, P.M. Mannucci,
High thrombin generation measured in the presence of thrombomodulin is asso-
ciated with an increased risk of recurrent venous thromboembolism, J. Thromb.
Haemost. 6 (2008) 1327–1333.

[31] S. Eichinger, G. Hron, M. Kollars, P.A. Kyrle, Prediction of recurrent venous
thromboembolism by endogenous thrombin potential and D-dimer, Clin. Chem. 54
(2008) 2042–2048.

[32] C. Ay, D. Dunkler, R. Simanek, J. Thaler, S. Koder, C. Marosi, C. Zielinski,
J. Pabinger, Prediction of venous thromboembolism in patients with cancer by
measuring thrombin generation: results from the Vienna Cancer and Thrombosis
Study, J. Clin. Oncol. 29 (2011) 2099–2103.

[33] A. van Hylckama Vlieg, S.C. Christiansen, R. Luddington, S.C. Cannegieter,
F.R. Rosendaal, T.P. Baglin, Elevated endogenous thrombin potential is associated
with an increased risk of a first deep venous thrombosis but not with the risk of
recurrence, Br. J. Haematol. 138 (2007) 769–774.

[34] G. Hron, M. Kollars, B.R. Binder, S. Eichinger, P.A. Kyrle, Identification of patients
at low risk for recurrent venous thromboembolism by measuring thrombin gen-
eration, JAMA 296 (2006) 397–402.

[35] P.L. Lutsey, A.R. Folsom, S.R. Heckbert, M. Cushman, Peak thrombin generation
and subsequent venous thromboembolism:the Longitudinal Thromboembolism
Etiology (LITE), J. Thromb. Haemost. 7 (2009) 1639–1648.

[36] V. Rossetto, L. Speizia, M. Senzolo, K.I. Rodriguez-Castro, S. Maggiolo, P. Simioni,
Whole blood rotation thromboelastometry (ROTEM®) profiles in subjects with non-
neoplastic portal vein thrombosis, Thromb. Res. 132 (2013) e131–e134.

[37] K. Koopman, M. Uyttenboogaart, H.G. Hendriks, G.J. Luijckx, I.R. Cramwinckel,
P.C. Vroomen, J. De Keyser, J. van der Meer, Thromboelastography in patients with
cerebral venous thrombosis, Thromb. Res. 124 (2009) 185–188.

[38] J.B. Brill, J. Badiee, A.L. Zander, J.D. Wallace, P.R. Lewis, M.J. Sise, V. Bansal,
S.R. Shackford, The rate of deep vein thrombosis doubles in trauma patients with
hypercoagulable thromboelastography, J. Trauma Acute Care Surg. 83 (2017)
413–419.

[39] N.A. Davies, N. Harrison, A. Sabra, M.J. Lawrence, S. Noble, S.J. Davidson,
V.J. Evans, R.H. Morris, K. Hawkins, P.R. Williams, P.A. Evans, Application of
ROTEM to assess hypercoagulability in patients with lung cancer, Thromb. Res. 135
(2015) 1075–1080.

[40] A. Hincker, J. Feit, R.N. Sladen, G. Wagener, Rotational thromboelastometry pre-
dicts thromboembolic complications after major non-cardiac surgery, Crit. Care 18
(2014) 549.

[41] J. Rigano, C. Ng, H. Nandurkar, P. Ho, Thrombin generation estimates the antic-
oagulation effect of direct oral anticoagulants with significant interindividual
variability observed, Blood Coagul. Fibrinolysis 29 (2018) 148–154.

[42] E. Kyriakou, K. Katogiannis, I. Ikonomidis, G. Giallouros, G.K. Nikolopoulos,
E. Rapti, M. Taichert, K. Pantavou, A. Gialeraki, F. Kousathana, A. Poulis,
A.G. Tsantes, S. Bonovas, V. Kapsimali, G. Tsivgoulis, A.E. Tsantes, Laboratory as-
sessment of the anticoagulant activity of Apixaban in patients with nonvalvular
atrial fibrillation, Clin. Appl. Thromb. Hemost. 24 (9_suppl) (2018) 194S–201S
(1076029618802364 [Epub ahead of print).

[43] J.L. Curnow, M.C. Morel-Kopp, C. Roddie, M. Aboud, C.M. Ward, Reduced fi-
brinolysis and increased fibrin generation can be detected in hypercoagulable pa-
tients using the overall hemostatic potential assay, J. Thromb. Haemost. 5 (2007)
528–534.

[44] R. Loeffen, R. van Oerle, M.P. Leers, J.A. Kragten, H. Crijns, H.M. Spronk, H. Ten
Cate, Factor XIa and Thrombin generation are elevated in patients with acute
coronary syndrome and predict recurrent cardiovascular events, PLoS One 11
(2016) e0158355.

[45] J. Orbe, M. Zudaire, R. Serrano, I. Coma-Canella, S. Martínez de Sizarrondo,
J.A. Rodríguez, J.A. Páramo, Increased thrombin generation after acute versus
chronic coronary disease as assessed by the thrombin generation test, Thromb.
Haemost. 99 (2008) 382–387.

[46] M. Skeppholm, A. Kallner, K. Malmqvist, M. Blomback, H. Wallen, Is fibrin for-
mation and thrombin generation increased during and after an acute coronary
syndrome? Thromb. Res. 128 (2011) 483–489.

[47] M. Smid, A.W. Dielis, H.M. Spronk, A. Rumley, R. van Oerle, M. Woodward, H. ten
Cate, G. Lowe, Thrombin generation in the Glasgow Myocardial Infarction Study,
PLoS One 8 (2013) e66977.

[48] I.O. Balogun, L.N. Roberts, R. Patel, R. Pathansali, L. Kalra, R. Arya, Thrombin

generation in acute ischaemic stroke, Stroke Res Treat 2016 (2016) 940680.
[49] E. Rooth, P. Sobocinski-Doliwa, J. Antovic, V. Frykman Kull, M. Von Arbin,

M. Rosenqvist, H. Wallén, Thrombin generation in acute cardioembolic and non-
cardioembolic ischemic stroke, Scand. J. Clin. Lab. Invest. 2013 (2013) 576–584.

[50] X. Yao, Q. Dong, Y. Song, Y. Wang, Y. Deng, Y. Li, Thrombelastography maximal
clot strength could predict one-year functional outcome in patients with ischemic
stroke, Cerebrovasc. Dis. 38 (2014) 182–190.

[51] A. Dimitrova-Karamfilova, Y. Patokova, T. Solarova, I. Petrova, G. Natchev,
Rotation thromboelastography for assessment of hypercoagulation and thrombosis
in patients with cardiovascular diseases, J Life Sci 6 (2012) 28–35.

[52] S. Rafiq, P.I. Johannsson, S.R. Ostrowski, T. Stissing, D.A. Steinbruchel,
Hypercoagulability in patients undergoing coronary artery bypass grafting: pre-
valence, patient characteristics and postoperative outcome, Eur. J. Cardiothorac.
Surg. 41 (2012) 550–555.

[53] M. Samoš, L. Stanciakova, L. Duraj, F. Kovář, M. Fedor, R. Šimonová, T. Bolek,
P. Galajda, J. Staško, P. Kubisz, M. Mokáň, Monitoring the hemostasis with rotation
thromboelastometry in patients with acute STEMI on dual antiplatelet therapy: first
experiences, Medicine (Baltimore) 96 (2017) e6045.

[54] L. Fang, X. Moore, M. Dart, L. Wang, Systemic inflammatory response following
acute myocardial infarction, J. Geriatr. Cardiol. 12 (2015) 305–312.

[55] P. Libby, G. Pasterhamp, F. Crea, I.K. Jang, Reassessing the mechanisms of acute
coronary syndromes, Circ. Res. 124 (2019) 150–160.

[56] W.C. Aird, Phenotypic heterogeneity of the endothelium: II. Representative vascular
beds, Circ. Res. 100 (2007) 174–190.

[57] W.C. Aird, Phenotypic heterogeneity of the endothelium: I. structure, function, and
mechanisms, Circ. Res. 100 (2007) 158–173.

[58] D. Ardissino, P.A. Merlini, K.A. Bauer, M. Galvani, F. Ottani, F. Franchi,
F. Bertocchi, R.D. Rosenberg, P.M. Mannucci, Coagulation activation and long-term
outcome in acute coronary syndromes, Blood 102 (2003) 2731–2735.

[59] L. Carcaillon, M. Alhenc-Gelas, Y. Bejot, C. Spaft, P. Ducimetière, K. Ritchie,
J.F. Dartigues, P.Y. Scarabin, Increased thrombin generation is associated with
acute ischemic stroke but not with coronary heart disease in the elderly: the Three-
City cohort study, Arterioscler. Thromb. Vasc. Biol. 31 (2011) 1445–1451.

[60] J.G. Schneider, B. Isermann, M.E. Kleber, H. Wang, B.O. Boehm, T.B. Grammer,
F. Prueller, P.P. Nawroth, W. Maerz, Inverse association of the endogenous
thrombin potential (ETP) with cardiovascular death: the Ludwigshafen Risk and
Cardiovascular Health (LURIC) study, Int. J. Cardiol. 176 (2014) 139–144.

[61] R. Loeffen, K. Winckers, I. Ford, J.W. Jukema, M. Robertson, D.J. Stott,
H.M. Spronk, H. ten Cate, G.D. Lowe, PROSPER Study Group. Associations between
thrombin generation and the risk of cardiovascular disease patients: results from the
PROSPER study, J. Gerontol. A Biol. Sci. Med. Sci. 70 (2015) 982–988.

[62] T. Gremmel, R. Koppensteiner, C. Ay, S. Panzer, Residual thrombin generation
potential is inversely linked to the occurrence of atherothrombotic events in pa-
tients with peripheral arterial disease, Eur. J. Clin. Investig. 44 (2014) 319–324.

[63] F. Tosi, R. Micaglio, M. Sandri, A. Castagna, D. Minguzzi, F. Stefanoni, C. Chiariello,
I. Franzese, G.B. Luciani, G. Faggian, D. Girelli, O. Olivieri, N. Martinelli, Increased
plasma thrombin potential is associated with stable coronary artery disease: an
angiographically-controlled study, Thromb. Res. 155 (2017) 16–22.

[64] B. Valente-Acosta, M.A. Banos-Gonzalez, M.A. Peña-Duque, M.A. Martínez-Ríos,
L. Quintanar-Trejo, G. Aptilon-Duque, M. Flores-García, D. Cruz-Robles, G. Cardoso-
Saldaña, A. de la Peña-Díaz, Association between stable coronary artery disease and
in vivo thrombin generation, Cardiol. Res. Pract. 2016 (2016) 5149825.

[65] J.I. Borissoff, I.A. Joosen, M.O. Versteylen, H.M. Spronk, H. ten Cate, L. Hofstra,
Accelerated in vivo thrombin formation independently predicts the presence and
severity of CT angiographic coronary atherosclerosis, JACC Cardiovasc. Imaging 5
(2012) 1201–1210.

[66] M.F.K.J. Kleinegris, J.W. Daemen, Y. Henskens, B. de Laat, H.M.H. Spronk, A.J. ten
Cate-Hoek, H. ten Cate, Increased clot formation in the absence of increased
thrombin generation in patients with peripheral arterial disease: a case–control
study, Front Cardiovasc Med 4 (23) (2017).

[67] M. Feuring, M. Wehling, H. Burkhardt, A. Schultz, Coagulation status in coronary
artery disease patients with type II diabetes mellitus compared with non-diabetic
coronary artery disease patients using the PFA-100(R) and ROTEM(R), Platelets 21
(2010) 616–622.

[68] B.P. Yurekli, O.I. Ozcebe, S. Kirazli, A. Gurlek, Global assessment of the coagulation
status in type 2 diabetes mellitus using rotation thromboelastography, Blood
Coagul. Fibrinolysis 17 (2006) 545–549.

[69] E. Campello, L. Spiezia, E. Zabeo, S. Maggiolo, R. Vettor, P. Simioni,
Hypercoagulability detected by whole blood thromboelastometry (ROTEM(R)) and
impedance aggregometry (MULTIPLATE(R)) in obese patients, Thromb. Res. 135
(2015) 548–553.

[70] J.A. Páramo, J. Orbe, O. Beloqui, A. Benito, I. Colina, E. MArtinez-Vila, J. Diez,
Prothrombin fragment 1+2 is associated with carotid intima-media thickness in
subjects free of clinical cardiovascular disease, Stroke 35 (2004) 1085–1089.

[71] H.J. Beijers, I. Ferreira, H.M. Spronk, B. Bravenboer, J.M. Dekker, G. Nijpels, H. ten
Cate, C.D. Stehouwer, Body composition as determinant of thrombin generation in
plasma: the Hoorn study, Arterioscler. Thromb. Vasc. Biol. 30 (2010) 2639–2647.

[72] L. Ay, H.P. Kopp, J.M. Brix, C. Ay, P. Quehenberger, G.H. Schernthaner, I. Pabinger,
G. Schernthaner, Thrombin generation in morbid obesity: significant reduction after
weight loss, J. Thromb. Haemost. 8 (2010) 759–765.

[73] S. He, A. Antovic, M. Blombäck, A simple and rapid laboratory method for de-
termination of haemostasis potential in plasma: II. Modifications for use in routine
laboratories and research work, Thromb. Res. 103 (2001) 355–361.

[74] C.J. Reddel, J.L. Curnow, J. Voitl, A. Rosenov, G.J. Pennings, M.C. Morel-Kopp,
D.B. Brieger, Detection of hypofibrinolysis in stable coronary artery disease using
the overall haemostatic potential assay, Thromb. Res. 131 (2013) 457–462.

H.Y. Lim, et al. Thrombosis Research 179 (2019) 45–55

54

http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0115
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0120
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0120
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0120
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0125
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0125
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0130
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0130
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0130
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0130
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0135
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0135
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0135
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0140
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0140
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0140
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0140
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0145
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0145
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0145
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0150
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0150
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0150
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0150
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0155
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0155
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0155
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0160
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0160
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0160
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0160
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0165
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0165
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0165
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0165
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0170
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0170
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0170
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0175
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0175
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0175
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0180
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0180
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0180
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0185
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0185
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0185
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0190
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0190
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0190
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0190
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0195
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0195
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0195
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0195
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0200
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0200
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0200
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0205
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0205
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0205
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0210
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0215
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0215
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0215
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0215
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0220
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0220
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0220
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0220
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0225
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0225
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0225
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0225
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0230
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0230
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0230
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0235
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0235
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0235
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0240
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0240
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0245
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0245
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0245
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0250
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0250
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0250
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0255
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0255
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0255
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0260
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0260
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0260
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0260
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0265
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0265
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0265
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0265
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0270
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0270
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0275
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0275
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0280
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0280
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0285
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0285
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0290
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0290
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0290
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0295
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0295
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0295
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0295
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0300
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0300
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0300
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0300
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0305
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0305
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0305
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0305
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0310
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0310
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0310
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0315
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0315
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0315
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0315
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0320
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0320
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0320
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0320
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0325
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0325
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0325
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0325
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0330
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0330
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0330
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0330
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0335
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0335
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0335
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0335
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0340
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0340
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0340
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0345
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0345
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0345
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0345
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0350
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0350
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0350
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0355
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0355
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0355
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0360
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0360
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0360
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0365
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0365
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0365
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0370
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0370
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0370


[75] B.J. McEwen, M. Morel-Kopp, G.H. Tofler, C.M. Ward, The effect of omega-3
polyunsaturated fatty acids on fibrin and thrombin generation in healthy subjects
and subjects with cardiovascular disease, Semin. Thromb. Hemost. 41 (2015)
315–322.

[76] A.W. Dielis, W.M. Balliel, R. van Oerle, W.T. Hermens, H.M. Spronk, H. Ten Cate,
K. Hamulyák, Thrombomodulin-modified thrombin generation after in vivo re-
combinant factor VIII treatment in severe hemophilia A, Haematologica 93 (2008)
1351–1357.

[77] K.R. Machlus, E.A. Colby, J.R. Wu, G.G. Koch, N.S. Key, A.S. Wolberg, Effects of
tissue factor, thrombomodulin and elevated clotting factor levels on thrombin
generation in the calibrated automated thrombogram, Thromb. Haemost. 102
(2009) 936–944.

[78] D. Groeneveld, R.J. Porte, T. Lisman, Thrombomodulin-modified thrombin gen-
eration testing detects a hypercoagulable state in patients with cirrhosis regardless
of the exact experimental conditions, Thromb. Res. 134 (2014) 753–756.

[79] A. Tripodi, Thrombin generation assay and its application in the clinical laboratory,
Clin. Chem. 62 (2015) 699–707.

[80] D.P. Kitchen, S. Kitchen, I. Jennings, T. Woods, I. Walker, Quality assurance and
quality control of thrombelastography and rotational thromboelastometry: the UK
NEQAS for blood coagulation experience, Semin. Thromb. Hemost. 36 (2010)
757–763.

[81] J. Wang, G.J. Tan, L.N. Han, Y.Y. Bai, M. He, H.B. Liu, Novel biomarkers for car-
diovascular risk prediction, J. Geriatr. Cardiol. 14 (2017) 135–150.

H.Y. Lim, et al. Thrombosis Research 179 (2019) 45–55

55

http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0375
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0375
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0375
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0375
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0380
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0380
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0380
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0380
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0385
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0385
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0385
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0385
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0390
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0390
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0390
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0395
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0395
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0400
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0400
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0400
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0400
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0405
http://refhub.elsevier.com/S0049-3848(19)30228-2/rf0405

	A review of global coagulation assays — Is there a role in thrombosis risk prediction?
	Introduction
	The principle of global coagulation assays
	Thrombin generation using calibrated automated thrombogram (CAT)
	Viscoelastic tests
	Fibrin generation using overall haemostatic potential assay (OHP)

	Global coagulation assays in cardiovascular disease and venous thrombosis
	Venous thrombosis
	Cardiovascular disease and stroke (acute events)
	Cardiovascular Disease (Chronic risk factors and/or prediction for future events)

	Challenges and controversies
	Conclusion
	References




