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Abstract

Thrombin generation, Viscoelastic tests

Coronavirus disease 2019 (COVID-19) is associated with extreme inflammatory response, disordered hemostasis and
high thrombotic risk. A high incidence of thromboembolic events has been reported despite thromboprophylaxis,
raising the question of a more effective anticoagulation. First-line hemostasis tests such as activated partial
thromboplastin time, prothrombin time, fibrinogen and D-dimers are proposed for assessing thrombotic risk and
monitoring hemostasis, but are vulnerable to many drawbacks affecting their reliability and clinical relevance.
Specialized hemostasis-related tests (soluble fibrin complexes, tests assessing fibrinolytic capacity, viscoelastic tests,
thrombin generation) may have an interest to assess the thrombotic risk associated with COVID-19. Another
challenge for the hemostasis laboratory is the monitoring of heparin treatment, especially unfractionated heparin in
the setting of an extreme inflammatory response. This review aimed at evaluating the role of hemostasis tests in
the management of COVID-19 and discussing their main limitations.
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Introduction

Since the beginning of the coronavirus infectious disease
2019 (COVID-19) pandemic in December 2019, increas-
ing data have supported a major thrombotic risk, which
could explain a substantial part of morbidity and mortal-
ity associated with this infection. The first observations
in China reported a marked increase in plasma D-
dimers, associated with unfavorable prognosis and
enhanced thrombotic risk [1, 2]. A recent meta-analysis
demonstrated an association between several inflamma-
tory biomarkers (such as C-reactive protein (CRP),
procalcitonin, interleukin (IL-6) and ferritin) with
COVID-19 severity [3]. There is a cross-talk between
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inflammation and coagulation as inflammation leads to
coagulation activation, and coagulation also affects in-
flammatory activity [4, 5]. Although heparin at prophy-
lactic doses appears to be effective in reducing mortality
in severe COVID-19 patients [6], several studies re-
ported a considerably high incidence of venous and even
arterial thromboembolic events (deep vein thrombosis,
pulmonary embolism or in situ thrombosis in the
pulmonary arteries; arterial thromboses in the systemic
circulation) despite thromboprophylaxis, thus raising the
issue of increasing anticoagulant doses [7—14]. This ap-
proach has been suggested by several groups of experts
for patients at higher thrombotic risk [15-19]. However,
this suggestion has not been endorsed by other expert
groups or societies [20—23]. Prospective trials are cur-
rently in progress to try to answer this question.
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The features and specificities of hemostasis disorders
associated with COVID-19 are partially known only. In
general, severe pulmonary inflammation (acute respira-
tory distress syndrome (ARDS)) is associated with a
significant thrombotic risk, the main mechanisms of
which include (i) local expression of tissue factor (TF)
on mononuclear cells, its accumulation and release
following endothelial damage, which subsequently initi-
ates coagulation initiation and thrombin generation, (ii)
as well as inhibition of fibrinolysis in response to the
cytokine storm (TNFa, IL-1, IL-6) [24-26]. IL-1 and
TNEF-a are also the main cytokines responsible for the
impairment of endogenous anticoagulant pathways [27].
Increase in von Willebrand factor (vWF), FVIII and fi-
brinogen plasma levels was also observed [28]. Regarding
fibrinolysis, an initial and transient increase of tissue
plasminogen activator (tPA) has been described in severe
acute inflammatory states, rapidly followed by a
sustained release of PAI-1 by the endothelium [28], the
extend of the latter being associated with a worse
outcome [29]. Accordingly, t-PA and PAI-1 levels were
increased at ICU admission in ARDS patients in a recent
study, whether COVID-19 or not [30]. Levels of throm-
bin activatable fibrinolysis inhibitor (TAFI) and protein
C inhibitor were also found to be significantly elevated
in the bronchoalveolar fluid of patients with interstitial
lung disease when compared to healthy controls, which
could also add to the hypofibrinolysis observed [31, 32].
However, this hypothesis seems at odds with the marked
increase in plasma D-dimers observed in COVID-19 pa-
tients. This needs to be further investigated in patients
with COVID-19.

Other biomarkers of in vivo activation of blood coagu-
lation such as soluble fibrin complexes may also be in-
formative in assessing the thrombotic risk, but their
usefulness remains to be established. In this article, we
will be using the term ‘D-dimers’ to designate the (sol-
uble) fibrin degradation products containing the motif
‘D-dimers’ and that of soluble fibrin complexes (SFC) to
designate complexes containing one or more fibrin
monomers associated with two fibrinogen molecules or
with fibrinogen (or even fibrin) degradation products
(Table 1).

Endothelial activation by inflammatory cytokines (with
secretion of von Willebrand factor, factor VIII and PAI-
1) and dysfunction could also contribute to the
prothrombotic state observed in COVID-19 patients
[33]. Previous studies identified possible direct infection
of endothelial cells by SARS-CoV-2 with endothelialitis
[34] and increased circulatory endothelial cells, an
indicator of endothelial damage [35]. As in many severe
inflammatory states, thrombotic = microangiopathy
(TMA) may develop secondary to acquired deficiency of
ADAMTS13 and subsequent increase in large von
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Willebrand factor multimers [27, 36]. In COVID-19,
signs of localized pulmonary TMA were observed with
typical microvascular platelet-rich thrombi identified in
small vessels of the lungs and other organs. Von
Willebrand factor antigen and activity were reported to
be elevated and ADAMTS13 levels to be decreased,
although remaining higher than 10% [27, 36, 37]. How-
ever, schistocytes were not identified on blood smears,
signs of hemolysis were absent and platelet count was
higher than expected in this condition [27].

With limited solid data available, many questions re-
main unanswered regarding underlying mechanisms but
also stratification and management of thrombotic risk,
including the level of anticoagulation and the duration
of treatment. Some first-line hemostasis tests (i.e., acti-
vated partial thromboplastin time (APTT), prothrombin
time (PT), fibrinogen, D-dimers, platelet count) are easy
to perform, widespread and relatively inexpensive, but
have also significant drawbacks, which should be clearly
considered in guiding clinical management. The reliabil-
ity of D-dimers, especially at very high values, as well as
the respective role of anti-Xa activity and APTT for
monitoring therapy with unfractionated heparin (UFH),
will be discussed in the following parts of this article.
The indications and limitations of tests available in the
hemostasis laboratory are summarized in Table 2.

Hemostasis assessment in the laboratory
COVID-19 is frequently associated with hemostasis dis-
turbances (often referred to as “coagulopathy”, even if
many if not all aspects of hemostasis can be affected),
which significantly enhance the risk of thrombosis, and
in particular venous thrombosis. Several studies have
found an association between increased plasma D-
dimers values and unfavorable prognosis in COVID-19
[1]. Different thresholds have been proposed for stratify-
ing the risk of mortality (i.e. between 1000 or 3000 ng/
mL [38, 39]), most often according to retrospective,
methodologically weak studies, with limited statistical
power. D-dimers at hospital admission could also be
predictive of thromboembolic events [2, 11, 14, 40, 41].
However, in the presence of significant pulmonary in-
flammation, such as in severe COVID-19, fibrin deposits
can occur within alveoli and pulmonary extravascular
space, which has been confirmed in COVID-19 patients
in autopsies series [42]. The lysis of those deposits could
also contribute to the rise of D-dimers, which are thus
not specific of intravascular fibrin formation [43, 44].
Nevertheless, the measurement of plasma D-dimers
has been put forward by some expert groups as a labora-
tory criterion, along with clinical data, for stratifying
COVID-19 patients according to their thrombotic risk,
and to consider adjusted anticoagulation intensity. For
example, the working group on perioperative hemostasis
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Table 1 Definition of D-dimers, fibrin monomers, fibrinogen degradation products and fibrin degradation products

Entity Definition

Antigenic definition (what is recognized by the
antibodies of the immunoassay — immunogen that
was used to obtain the antibodies in the animal)

Degradation products
containing the ‘D-dimers’ motif
(fibrin degradation products)

Soluble fibrin complexes

Soluble molecular assemblies produced by the
action of plasmin on polymerized fibrin stabilized by
factor Xllla, hence comprising the ‘D-dimers’ motif

Complexes formed of at least one fibrin monomer
associated with fibrinogen molecules, but also

Two ‘D’ nodules of two adjacent fibrin monomers
in the fibrin network, covalently linked by factor Xllla

desAA-fibrin (fibrinogen from which fibrinopeptides
A have been removed)

fibrinogen or even fibrin degradation products — those

complexes are soluble in plasma

Fibrinogen degradation
products

Molecules produced by the action of plasmin on
fibrinogen (when there systemic fibrinolysis occurs)

Nodule ‘D’ or 'E' of fibrinogen: present on fibrinogen
and their degradation products; fibrinogen must
therefore be eliminated beforehand so as not to

be measured

(GIHP stands for “Groupe d’'Intérét en Hémostase Pério-
pératoire” in French) with the French group of studies
on hemostasis and thrombosis (GFHT, stands for
“Groupe Francais d’Etude sur 'Hémostase et la Throm-
bose”) considered patients with plasma D-dimers levels
>3000 ng/mL as having a very high thromboembolic
risk, and hence might benefit from increased doses of
heparin [15]. In patients at high risk of thromboembol-
ism, other authors also recommended continuing throm-
boprophylaxis after hospital discharge for a maximum of
45 days after individual assessment of the benefit/risk
balance [45]. However, the variability between methods
for measuring D-dimers raises questions about the use
of a fixed threshold [46, 47]; an increased plasma D-
dimers concentration with ongoing thromboprophylaxis
should give consideration of the administration of higher
doses of anticoagulants, and to the active search for
thrombotic event.

The most seriously affected individuals (non-survivors
and those admitted to intensive care), also have slightly
longer PT than patients with more favorable prognosis
[48, 49]. APTT is generally proportionally less prolonged
than PT, probably due to an increase in plasma concen-
tration of factor VIII, which is an acute phase reactant
[48, 49]. A low platelet count at admission (i.e., <200 x
10°/L), along with a further decline during hospital stay,
has also been associated with increased risk of death
[50-52].

In the majority of patients, hemostasis disorders asso-
ciated with COVID-19 do not evolve towards dissemi-
nated intravascular coagulation (DIC), the diagnostic
criteria of which include, according to the International
Society on Thrombosis and Haemostasis (ISTH), a re-
duction in platelet count and fibrinogen levels associated
with an increase in PT and markers of fibrin formation,
or ‘fibrin-related markers’ (D-dimers or SFC, the former
being the most used in Europe) [49, 53]. Among labora-
tory criteria, hypofibrinogenemia (< 1 g/L) is a late criter-
ion and hence a poorly sensitive one, which can only be

found in less than 50% of cases [54]. This observation
can be explained by enhanced liver production of fi-
brinogen in response to systemic inflammatory response,
which is hence effective to maintain normal plasma con-
centrations even in concomitance with consumption co-
agulopathy. A shortening of PT has also been reported
in up to 30% of patients with COVID-19, which has
been explained with increased fibrinogen concentration
in plasma [55]. In this setting, the early identification of
consumption coagulopathy can therefore be jeopardized,
so that longitudinal monitoring of these parameters, at
least in more severe patients admitted to the ICU, would
be necessary to identify early changes that would indi-
cate the onset of DIC.

Monitoring every 48h the plasma concentration of
PT, fibrinogen, D-dimers and platelet count has been
proposed for continuously assessing the thrombotic risk
and identifying timely alerts on possible venous throm-
botic events, as reflected by markedly increasing concen-
trations of D-dimers within 24-48h [15, 27]. An
increase in the plasma D-dimers in patients with anti-
coagulant therapy may also warrant an increase in antic-
oagulation intensity, after weighting thrombotic and
hemorrhagic risks, although there is no clinical evidence
yet to support such D-dimers based dose adjustments.

However, the relevance of the utilization of D-dimers
levels to tailor thromboprophylaxis in COVID-19 pa-
tients has been questioned, as plasma D-dimers levels
could depend more on the lysis of extra-vascular rather
than intra-vascular fibrin deposits [43, 44]. This would
be consistent with the observation that SFC levels, which
are thought to only depend on intra-vascular fibrin de-
position, remain low in most COVID-19 patients despite
high D-dimer levels [30]. Additional biomarkers of
in vivo enhanced thrombin generation, such as SFC,
may thus provide some additional useful information for
managed care of COVID-19 [56]. SFC could also be an
earlier marker of DIC than D-dimers, of which the con-
centration increases only after clot lysis has begun [56].
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Table 2 Indications and limitations of tests available in the hemostasis laboratory

Main Limitations

Indications in COVID-19

Evaluation  Screening of
of the thromboembolic disease
thrombotic events severity
risk

Prognosis: Diagnosis Detection Monitoring of
of DIC of HIT unfractionated
heparin

Platelet count Many causes of thrombocytopenia

in the critically ill patient

APTT Major influence of preanalytical step

Differences of APTT reagents in their
sensitivity to unfractionated heparin,
lupus anticoagulant and inflammatory
syndrome

Prothrombin
Time

Influence of the preanalytical step
Influence of fibrinogen level

Fibrinogen
(Clauss)

Lack of sensitivity for the diagnosis of
DIC (mostly in infectious/inflammatory
setting)

Possibility of interference of direct
thrombin inhibitors with some reagents

D-dimers Decreased analytical performances in

high D-dimers values

Production dependent on the
fibrinolytic activity

Cut-offs non commutable between
reagents

Soluble fibrin
complexes (AKA ‘Fibrin
monomers’)

Preliminary validation only
Not evaluated in COVID-19

Cut-offs non commutable between the
reagents

Fibrinolysis capacity
tests

Fibrinolysis is assessed in non-
physiological conditions
Large array of methods

Not evaluated in COVID-19
Anti-Xa activity Inter-reagent variability

Influence of presence/absence of
exogenous AT in the reagent

Expensive

Only available 24 h a day 7 days a week

in a fraction centers
Viscoelastic tests Not evaluated in COVID-19

Lack of standardization between
instruments and centers

Expensive

Thrombin generation  Not evaluated in COVID-19

assays ) L )
y High sensitivity to heparins
Limited availability in clinical practice

Expensive

(*) Heparin resistance can be due to HIT.

Note: the assessment of the in vivo effect of (any) anticoagulant treatment could be assisted with the monitoring of fibrin-related markers (D-dimers;

fibrin monomers)
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Measurement of plasma SFCs has therefore been
proposed as an option besides that of D-dimers in the
diagnostic scores for DIC proposed by the ISTH and the
Japanese society of Thrombosis Hemostasis (JSTH) [57,
58]. However, the diagnostic thresholds vary consider-
ably from one kit to another (two kits are available to
the best of our knowledge: STA-Liatest FM® kit (Stago,
Asnieres-sur-Seine, France) and Nanopia SF (Sekisui
Medical, Japan)), and there is a lack of extensive clinical
validation [59, 60]. For instance, The STA-Liatest FM®
kit (Stago, Asnieres-sur-Seine) uses a monoclonal anti-
body (F405) specific for fibrin monomers. This antibody
is produced using desAA-fibrin as immunogen in the
presence of an anti-polymerization peptide (Gly-Pro-
Arg-Pro, GPRP) [61]. Regarding desAA-fibrin, it is the
result of an enzymatic cleavage of purified fibrinogen by
the action of batroxobin (reptilase), with the release of
fibrinopeptides A only; under those conditions, factor
XIIIa cannot have any role, thus there is no ‘D-dimer’
motif. The evaluation of laboratory performance by an
external quality control (EQA performed by ProBioQual)
showed an inter-laboratory imprecision (coefficient of
variation; CV) of ~30% for the three levels of controls
tested. The half-life of SFC is slightly shorter than that
of D-dimers (i.e., <6h), depending on the clinical
context though (size and range of molecules produced,
fibrinolytic activity and so forth) [62]. The half-life is
hence longer than that of fibrinopeptides A and B (3-5
min), thrombin-antithrombin complexes (TAT; 10-15
min) and prothrombin fragments 1+ 2 (90 min) [63], so
that is less dependent on the time of blood collection,
considering that activation of coagulation cannot be a
continuous, steady process. Nevertheless, the influence
of the time elapsed between thrombosis onset, blood
collection, and measurement, as well as the potential in-
fluence of anticoagulants remain to be studied [56]. For
all assays, in particular for fibrinopeptides and TAT, the
influence of preanalytical artifacts (thrombin formed
during blood collection and processing) should be con-
sidered [56]. At this stage, additional evidence is needed
to define the incremental clinical value of SFC over D-
dimers in COVID-19 hemostasis monitoring.

Limitations of measurement of the plasma concentration
of D-dimers

Even if the usefulness of D-dimer testing in the manage-
ment of COVID-19 patients remains uncertain, some
expert groups suggested the use of this parameter
together with clinical variables to stratify patients
according to their thrombotic risk and determine throm-
boprophylaxis intensity accordingly [15-19]. This im-
plies that test results shall be timely and reliable, and
accurate threshold values need to be defined according
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to the specific clinical context and the immunoassay
used.

Soluble fibrin degradation products containing the D-
dimer motif constitute a heterogeneous set of molecules
produced during degradation of polymerized fibrin net-
work, which has been previously covalently cross-linked
by activated factor XIII. This explains differences
observed between fibrinogen and fibrin degradation
products (FDP), the former being generated by degrad-
ation of fibrinogen from the fibrinolytic system (Fig. 1)
[58]. A large inter-laboratory variability has been re-
ported for the measurement of the plasma D-dimers
concentration, which mostly reflects the different assay
methodologies, the different mix of antibodies with vari-
able antigenic specificity, the individual calibration and
the variation of measuring units [64—66]. The lack of
internationally certified calibrators and quality controls
also challenges to achieve better degree of universal
harmonization. The large inter-individual variability
(depending among others on renal function), is a further
source of uncertainty in test results interpretation. A
diagnostic threshold that has been validated within a
specific clinical setting, using a certain assay, cannot be
translated to different analytical conditions and different
clinical settings [67]. The diagnostic thresholds shall
hence be validated according to the method used and
for the intended diagnostic purpose. Most of the avail-
able D-dimers assays have also been developed to have
the best reproducibility around the threshold value used
for excluding deep vein thrombosis and/or pulmonary
embolism, which is usually around 500 ng/mL. There-
fore, their performance at higher values, such as those
proposed for initiating high dose anticoagulation in
COVID-19 patients (ie., over 3000 ng/mL), is probably
suboptimal and would need to be assessed in order to
avoid the use of inaccurate results in these patients. For
example, external quality controls performed with
moderately elevated D-dimers samples (target value
4000 ng/mL FEU) identified method-specific D-dimers
means ranging from 470 to 10,150 ng/mL FEU (all
methods coefficient of variation: 23%) [68]. As a possible
solution, the threshold values of plasma D-dimers could
be adjusted based on assay methodology. For example,
for DIC diagnosis according to the ISTH definition, the
appropriate D-dimer cut-off value for 2 points ranged
from 3500 ng/mL to 6500 ng/mL, depending on the
reagents used [69].

The potential impact of many preanalytical variables
on measurement of plasma D-dimers should also be
considered, as this test is vulnerable to the excessive
presence of free hemoglobin in plasma, and becomes vir-
tually uninterpretable when the plasma free hemoglobin
concentration is over 30 g/L [70]. Hyperlipemia, hyperbi-
lirubinemia or a high concentration of immunoglobulins
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Fig. 1 Mechanisms of production of: D-dimers, fibrin monomer, fibrinogen degradation products and fibrin degradation products. Fibrinogen is
composed of two lateral regions “D" and one central region “E” connected by coiled coils: the formula is D-E-D. Fibrinopeptides A and B located at the
N-termini of A-alpha and B-beta chains (x 2) on the E region are cleaved from fibrinogen by thrombin, resulting in the production of a fibrin monomer
(FM). FMs are highly reactive and if locally formed and concentrated, quickly interact with one another by to form a two-stranded fibrin polymer. These
polymers then aggregate laterally to make fibers (not shown). Activated factor Xlll covalently crosslinks adjacent D regions (belonging to two fibrin
monomers), which tightens the fibrin strand, increases clot stiffness, and makes it more resistant to degradation by plasmin. Other crosslinks also occur,
not shown here for simplicity’s sake. The physical state is a gel - such polymerized structures are no longer soluble. During fibrinolysis, plasmin can
cleave fibrin polymers between adjacent D and E regions, but cannot separate covalently linked D regions. This produces fibrin degradation products
of different size, containing the ‘D-dimer” motif, and when small enough are soluble. FM can escape in the fluid plasma phase, the more so if formed
in a disseminated manner (systemic thrombin generation), and then quickly binds to fibrinogen molecules, or fibrinogen degradation products, bring-
ing the polymerization process to an end; they hence remain soluble because they are small enough. These compounds are known as ‘soluble fibrin
complexes’ (SFQ). In the presence of hyperfibrinolysis (systemic, disseminated), PAI-1 (plasminogen activator inhibitor) and alpha2-antiplasmin can be
overwhelmed, and uninhibited plasmin can diffuse in the plasma fluid phase; under those conditions, plasmin can also cleave fibrinogen molecules,
resulting in fibrinogen degradation products production. ‘FDP" may refer to both fibrinogen and fibrin degradation products

can also generate a bias in the measurement, though the Laboratory investigation of fibrinolysis

influence of these conditions has been less studied [70].
However, it has to be considered in the context of
COVID-19 due to the high concentration of immuno-
globulins measured in some of these patients 2 weeks
after the symptom onset [71].

Many of the methods available for the study of fibrinoly-
sis have significant drawbacks. Fibrinolysis assays are
technically challenging, time consuming and cannot be
easily automated, thus explaining their underuse in
clinical laboratories. Under physiological circumstances,
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fibrinolysis takes many hours or days to develop in
healthy blood after clotting, and this is indeed a major
limitation for rapidly assessing the ‘global fibrinolysis
capacity’ (GFC). The accelerated (albeit remaining long)
assessment of fibrinolysis needs prior removal of inhibi-
tors or the addition of tPA to initiate plasmin gener-
ation, complicating our appraisal of what is going on
in vivo. Plasma-based systems, for example, where
clotting and lysis may be easily monitored with turbidi-
metric assessment, need tPA to accelerate the reaction
[72]. Alternatively, euglobulin may be prepared from
plasma, thus lowering the concentration of fibrinolytic
inhibitors (including PAI-1 and antiplasmin) [73, 74].

Individual components of the fibrinolytic system can
also be measured. Although interesting evidence is
emerging especially for PAI-1 in COVID-19 [30], its
measurement is limited by large inter-laboratory
variability, which is attributable to the different assay
methodology, antigenic specificity of the antibodies, the
lack of internationally certified calibrators and quality
controls, as well as to the many measuring units that
can be used for reporting data.

Interestingly, PAI-1 follows a circadian rhythm in
humans, with a morning peak (around 8 AM) independ-
ent from the sleep pattern [75, 76]. The time-interval
between blood collection and analysis, the anticoagulant
used in sample tubes and storage temperature are other
variables that are known to have an impact on plasma
PAI-1 measurement [77-79].

A weak stability at room temperature of the plasma
used for assessing fibrinolysis (and especially PAI-1) has
been occasionally described, whilst hemolysis (with
release of cell free hemoglobin and other intracellular
components) may contribute to produce an inhibitory
effect on some fibrinolysis assays [80]. The contact phase
(i.e., activated factor XII) also stimulates fibrinolysis
through conversion of single chain urokinase-type
plasminogen activator (scu-PA) in uPA [81]. Therefore,
standardization of preanalytical and analytical steps is of
utmost importance for obtaining accurate and reliable
results of most fibrinolysis assays.

Regarding viscoelastic tests, ROTEM and TEG
currently lack sensitivity to disordered fibrinolysis but
there is still room for improvement [82].

As some extracellular vesicles are able to facilitate
plasmin generation, it would be interesting to assess the
contribution of such vesicle-dependent fibrinolytic
activity in COVID-19 [83, 84].

Viscoelastic tests

Viscoelastic tests (VETs) are “global” hemostasis tests
evaluating mechanical properties of the clot as it forms
and lyses. The most frequent used VETs comprise
thromboelastography (TEG) and rotational
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thromboelastometry (ROTEM). These commercial as-
says are embedded in the care for critically ill patients in
many institutions, in particular for guiding transfusion
management in patients at high risk of bleeding. In gen-
eral, these assays are sensitive to detect hypocoagulabil-
ity related to consumption of coagulation factors like
fibrinogen, but hypercoagulability can also be detected.
Indeed, increased clot firmness has been associated with
occurrence of venous thromboembolism (VTE) in vari-
ous clinical settings [85-91], and has hence been pro-
posed for evaluating the thrombotic risk associated with
SARS-CoV-2 infection.

In COVID-19 patients, whole blood rotational throm-
boelastometry (ROTEM) has been able to detect acceler-
ated clot formation and increased clot strength,
persisting for at least 5days [92]. Similar findings were
reported by other groups using ROTEM and Quantra
instruments, with both elevated platelets and fibrinogen
contribution to clot strength [93, 94]. Increased heparin
prophylaxis dose was associated with attenuation of fi-
brinogen contribution to clot strength and fibrinogen
level, although lacking control conditions, this may have
been a chance finding. Data regarding fibrinolysis evalu-
ation in COVID-19 using VETs is sparser; hypofibrinoly-
sis has been identified in one study [95], although
another could not confirm this result [92]. Only one
study evaluated the association between clinical out-
comes and VETs parameters in COVID-19. The authors
identified that the lack of clot lysis at 30 min on citrated
kaolin TEG with heparinase was associated with VTE,
whereas increased clot strength was not [95]. The com-
bination of absence of lysis at 30 min with D-dimers
levels > 2600 ng/mL was also strongly associated with
VTE and with the need for dialysis [95]. Nonetheless,
the place of VETs in the management of COVID-19
deserves further evaluation.

When using VETSs, some drawbacks have to be consid-
ered. First, these tests are generally poorly sensitive to
platelet function and mild fibrinolysis disorders [96, 97],
and their sensitivity to fibrinogen levels is quite variable
depending on the test methodology [98]. Second, even if
considered as being global tests, they do not evaluate the
contribution of endothelium, whose dysfunction likely
contributes to COVID-19 associated hemostasis distur-
bances [34]. Moreover, similarly to D-dimers and SFC,
correlation between methods is moderate, and inter-
laboratory variation is high [99], but probably improving
with introduction of new methods (ROTEM Sigma®,
TEG6S® and Quantra®). Regarding preanalytical condi-
tions, the time-interval between blood collection and
VET [100, 101], anticoagulants and/or additives used in
sample tubes [102, 103], over or underfilling of blood
tubes [104], hemolysis [105] and hematocrit [106—108]
can influence the test results. Pneumatic tubes transport



Hardy et al. Thrombosis Journal (2020) 18:17

systems (PTS) may also exert little influence on test
results, depending on acceleration forces of the local sys-
tem [109-112]. Therefore, this effect should be evalu-
ated locally when utilization of PTS is considered for
blood sampled for VETs. Finally, the accuracy of these
tests for bleeding management or thrombotic risk stratifica-
tion has not been validated in any hyperinflammatory con-
text. Caution is therefore required when using VETs in
COVID-19 patients, and further studies are needed to pre-
cise their added value in the management of these patients.

Thrombin generation assay

Thrombin generation assays (TGA) enable an integrative
approach of coagulation. Commercial assays include
Technothrombin® TGA kit from Technoclone and
Calibrated Automated Thrombogram® (CAT) and ST-
Genesia® from Stago Diagnostica [113, 114]. While TGA
may be used to detect hypercoagulability, the frequent
use of heparin/low molecular weight heparin (LMWH)
in hospitalized COVID-19 patients could make this test
relatively unsuitable for evaluating hypercoagulability.
Modification of the TGA conditions, i.e. by adding poly-
brene or heparinase as neutralizing agent [115], could be
of interest to eliminate heparin. However, data has not
been reported yet in COVID-19 patients. Of note, pre-
analytical variables and choice of the reference plasma to
normalize the result also have important impact on
TGA measurement and must be controlled in order to
reduce the variability of measurement [116].

Anticoagulation - laboratory monitoring

Due to the high thrombotic risk associated with this in-
fection, systematic antithrombotic prophylaxis should be
administered and to date, parenteral administration of a
heparin preparation is the preferred procedure in the
hospital setting.

Choice of anticoagulant

LMWH is recommended as first-line therapy for the
prophylaxis of VTE in hospitalized COVID-19 patients
[15, 20, 117, 118]. Direct oral anticoagulants (DOACs)
or vitamin K antagonists, are not recommended because
of the risk of drug interactions, among others with some
antiviral drugs, the expected broad fluctuation in plasma
concentrations (for DOACs), especially in patients at
higher risk of rapid clinical deterioration, and because of
the late onset of anticoagulation and higher risk of
bleeding with VKA [119]. Heparin, and especially the
long heparin chains, was reported to also exhibit anti-
inflammatory activity in addition to the anticoagulant
effect, by binding and neutralizing inflammatory cyto-
kines and acute phase proteins, while potentially exert-
ing a protective effect on endothelium [120]. It also
interferes with neutrophils recruitment into tissue and
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impairs neutrophil function by inhibiting the activity of
the neutrophil protease’s human leukocyte elastase and
cathepsin G, which can promote inflammation [121,
122]. It has also been hypothesized that heparin may
hinder the interaction between the virus and the host
cell through non-specific ionic bond, and thus may con-
tribute to decrease the rate of infected cells [120, 123].
However, we do not yet know precisely to what extent
heparin is clinically effective in this infection.

Compared to UFH, LMWH has better bioavailability
after subcutaneous administration and longer duration
of action, allowing daily administration in one or two in-
jections. No regular laboratory monitoring is necessary
for treatment with LMWH because of the predictable
anticoagulant activity after administration of doses ad-
justed to body weight on the one hand, and the lack of
formal association demonstrated between laboratory
tests results and clinical efficacy or complications on the
other [124]. However, a single anti-Xa activity measure-
ment can be proposed in case of administration of high
or intermediate doses in a patient with moderate renal
impairment, with a BMI <18kg/m?® or>30kg/m? or
during pregnancy, mainly to rule out drug accumulation
[125]. In the event of increased doses in patients at
enhanced thrombotic risk, measurement of anti-Xa
activity is also recommended 4 h after the third dose to
exclude accumulation. The anti-Xa value must be based
on a calibration curve with the specific heparin type and
interpretation of test result must also be made for the
same compound; e.g. with therapeutic doses of enoxa-
parin, the mean peak concentration observed is 1.2 IU/
mL. This measurement can be repeated for example in
case of renal function impairment.

UFH is only recommended in case of severe renal
failure (creatinine clearance according to Cockcroft-
Gault equation <30 mL/min), extracorporeal membrane
oxygenation (ECMO) [15] or significant bleeding risk
(shorter half-life than LMWHs, easier neutralization by
protamine) [126]. The risk of heparin-induced
thrombocytopenia (HIT) is also much higher with UFH
[127]. Regular laboratory monitoring during anticoagula-
tion is necessary because of the high inter- and intra-
individual variability in the anticoagulant response [125].

Laboratory monitoring of unfractionated heparin
treatment

Adjustment is thought to be required because of high
inter and intra-individual variability. Historically, adjust-
ment of UFH dosage was based on APTT. The measure-
ment is performed 4 to 6 h after initiation and any dose
change, and once a day at least, to reach a target APTT
ratio between 1.5 and 2.5. This therapeutic target dates
from work in 1972 and has never been confirmed in
large clinical studies [128]. Since then, the number of
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reagents used for the APTT has exponentially increased,
the sensitivity of which is very different both to heparin
and biological interference (including several proteins of
the acute phase) [129-131]. Therefore, calculation of the
APTT ratio corresponding to an anti-Xa activity be-
tween 0.3 and 0.7 IU/mL would be recommended for
each analyzer and each new batch of reagents. This cal-
culation should best be performed with plasma samples
from patients treated with UFH because the use of
plasma spiked with UFH gives less relevant results due
to the influence of the metabolism of heparin in vivo
and its bioavailability [132]. For some reagents, the
relationship between heparin levels and APTT is linear,
but this can change in case of significant inflammation
[133]. Most importantly, APTT is very dependent on
pre-analytical conditions. Among others, platelet factor
4 (PF4) released by activated platelets during inadequate
sampling procedure or prolonged delay before centrifu-
gation can neutralize part of the heparin, leading to a
risk of underestimating its activity [134].

Several biological parameters can cause a prolongation
of the APTT (e.g. high CRP, presence of lupus anticoag-
ulants, coagulation factors deficiency, high plasma
concentration in FDPs which oppose the polymerization
of fibrin) or its shortening (e.g. increased plasma
concentration of acute phase proteins such as FVIII and
fibrinogen) [63, 135, 136]. The influence of these param-
eters will also depend on assay methodology, the type of
reagents, and has a high inter-individual and intra-
individual (i.e., during hospitalization) variability [137,
138]. For these reasons, the GFHT advises against the
use of APTT for monitoring treatment with UFH [133].
Moreover, the use of APTT is problematic when this
test is prolonged prior to initiation of UFH treatment
(for example, in case of lupus anticoagulants or coagula-
tion factors deficiency); anti-Xa target should also con-
sider the etiology of this prolongation when clinically
relevant (i.e. defects with a bleeding risk).

In COVID-19, the increased plasma concentrations of
fibrinogen and FVIII can cause a shortening of APTT
(observed in 16% of affected patients) [55], and this may
lead to underestimating the anticoagulant effect of hep-
arin. This situation can contribute to excess heparin dos-
ing, enhancing the bleeding risk, and underlines the
importance of collecting a basal APTT value before
anticoagulation. This can be problematic in some set-
tings, e.g. in the ICU, where patients are frequently
transferred with anticoagulation already started at inter-
mediate or therapeutic doses [13]. Conversely, APTT
prolongation may be related to the transient increased
levels of antiphospholipid antibodies, a situation encoun-
tered during viral infections [139], including COVID-19
[10, 140-143], or when CRP is high [138], thus leading
to a risk of heparin underdosage. Lupus anticoagulant
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screening can also be falsely positive in the presence of
variables prolonging clotting time of tests used for its
screening (for example, elevated CRP or presence of an-
ticoagulants, among which heparin) [143-146]. The
APTT may also be prolonged in the presence of DIC
(which is relatively rare in COVID-19). In this situation,
its measurement by means of an optical system may
become uninterpretable: an immediate and gradual
decrease in light transmittance can be observed even
before clot formation due to the presence of a complex
between CRP and very low density lipoproteins in the
presence of calcium [147], thus rendering the measure-
ment unreliable [148]. Therefore, mechanical methods
are advisable in this circumstance, where measurement
anti-Xa activity may even be the best choice.

Thus, heparin monitoring with aPTT may be challenging
in COVID-19 patients due to the hyper-inflammatory sta-
tus of the patient. Indeed, the high fibrinogen and factor
VIII levels, the interference of CRP (depending on the
reagents used) and also the potential presence of antipho-
spholipid antibodies may affect the aPTT. Therefore, anti-
Xa activity seems more suitable to monitor UFH treatment
in these patients and more generally in ICU patients for the
very same reasons. However, there are several caveats here
as well. First, FXa is not the essential target of UFH. Its
inhibition is studied under very artificial conditions: in the
fluid phase (and not within the prothrombinase complex
formed on a phospholipid surface) and in a calcium-
depleted medium. The in vivo inhibitory activity of UFH is
indeed three times stronger towards Flla than FXa [149].
This difference is further artificially increased in vitro by
use of low calcium concentrations in the assay mixture: the
anti-Xa activity was halved under these conditions, com-
pared to physiological concentrations of calcium, but the
effect of low calcium on anti-Ila activity is more limited
[149]. Having mentioned that, a good correlation exists
in vitro between anti-Xa and anti-Ila activities, thus enab-
ling the use of the former test to assess the effect of heparin
therapy. The anti-Xa assay consists of measuring in vitro
the residual activity on a chromogenic substrate specific for
FXa added to citrated plasma. Compared to APTT, this test
has the advantage of being less vulnerable to biological
interference (possible interference of free hemoglobin and
bilirubin in case of significant elevation [150]) and less
dependent on pre-analytical conditions - with the notable
exception of PF4 released in vitro by platelets. Even if the
validity of anti-Xa activity of UFH in the presence of an im-
portant inflammatory syndrome has not been formally
established (or for that matter under any circumstances),
this measure will be less impacted in this context, particu-
larly if the reagents contain antithrombin (AT). However, it
is not advisable to use kits with exogenous AT to avoid
overestimation of anticoagulant activity in case of AT
deficiency, with risk of heparin underdosing. The plasma
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concentration of AT can indeed decrease in case of sepsis
[151]. Only few data are available on the sensitivity of kits
without exogenous AT to changes in plasma AT concen-
tration [152]. Some reagents also contain dextran sulfate,
which will displace heparin from its non-specific binding
(including PF4). Particularly, the influence of PF4 released
by activated platelets is therefore minimized, which is favor-
able for limiting the impact of pre-analytical conditions on
test result, but problematic when the concentration of PF4
is actually high in vivo. Unlike a ‘global’ test like APTT, the
measurement of anti-Xa activity is insensitive to fluctua-
tions in the underlying hemostatic state (for example,
coagulation factor defect following hemorrhage or DIC),
which should prompt an adjustment in therapeutic targets
to the clinical context and the possible identification of
such defects. Finally, significant variability in heparin sensi-
tivity has been reported between the different commercial
kits [153-156].

The therapeutic range in terms of anti-Xa activity is
considered between 0.3 and 0.7 IU/mL [125]. These values
are derived from the work of 1972 that was previously
mentioned. It was hence inferred from the APTT target to
be reached for secondary prevention of VTE. The bottom
line is that it lacks validation for the same reasons [157].
The application and interpretation of these tests in a
hyperinflammatory context also raises important ques-
tions. Given the very high thrombotic risk described or
suspected in some subgroups of patients, the GIHP sug-
gested narrowing the target of anti-Xa activity in the
upper zone, to 0.5-0.7 IU/mL, for those at the highest
thromboembolic risk [15]. This increase in dosage, not
supported by objective data, remains debated [20-23],
whilst ongoing prospective, multicenter clinical trials aim
at addressing this question. In addition to the selection of
patients who could potentially benefit from increased
doses of anticoagulants, the question of treatment dur-
ation is a major one. The resolution of the inflammatory
syndrome should be accompanied by a reduction in the
thrombotic risk, thus exposing the patient to excessive
anticoagulation and risk of bleeding when higher doses of
heparin are maintained. However, no firm recommenda-
tion on duration and intensity of COVID-19 anticoagula-
tion can be made at this time.

In patients receiving UFH, a laboratory resistance to
the anticoagulant effect of heparin, arbitrarily defined by
failure to reach the therapeutic target despite the admin-
istration of doses >1.5 times usual doses, which are
about 400 to 600U/kg/24h [158, 159], is frequently
observed in COVID-19 [13, 160], and adds to the clinical
resistance previously outlined (occurrence of thrombotic
events under well-conducted drug thromboprophylaxis).
The hyperinflammatory context could also explain part
of this observation. Indeed, UFH is able to non-
specifically bind several acute phase proteins as well as
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activated endothelial cells and platelets, thus limiting its
anticoagulant activity [161, 162]. The administration of
an initial bolus of UFH is therefore needed to saturate
non-specific fixation [163]. The increased plasma
concentration of fibrinogen and FVIII will also contrib-
ute to generate heparin resistance when the effect is
monitored with the APTT, which is less likely to be
observed when anti-Xa activity is used. Acquired AT
deficiency by consumption or production defects (nega-
tive protein of the acute phase) could also contribute to
the heparin resistance observed in some COVID-19 pa-
tients [151], especially those most seriously affected [10,
49], but in most patients it does not justify the prescrip-
tion of AT concentrates. To the best of our knowledge
there is one single prospective interventional study on
UFH monitoring in case of laboratory heparin resistance.
In this study, the utilization of anti-Xa activity instead of
aPTT permitted to avoid UFH dosage escalation with
similar clinical outcomes [164]. Whether this holds true
for COVID-19 patients remains to be established. When
heparin resistance is suspected based on APTT values,
UFH shall be administered according to the anti-Xa ac-
tivity [165]. The advantages and limitations of APTT vs
anti-Xa for UFH monitoring are summarized in Table 3.

Diagnosis of heparin-induced thrombocytopenia (HIT)

A final aspect of heparin monitoring is screening for HIT.
A platelet count should be performed before administering
the first injection of heparin, if possible, or as soon as pos-
sible thereafter. In the COVID-19 setting, it is reasonable to
monitor the platelet count regularly between the 4th and
the 14th day following the initiation of heparin therapy
(once or twice a week in case of LMWH treatment, two to
three times a week during UFH treatment), then once a
week until the end of the first month of therapy. The devel-
opment of thrombocytopenia (< 100 x 10°/L) or the rapid
decrease in platelet count (especially if >50% in less than
24 h) should then suggest the diagnosis of HIT [166]. How-
ever, especially in the presence of acute inflammation and
infection, other etiologies may explain a decrease in platelet
count. Therefore, a systematic evaluation of clinical prob-
ability of diagnosis allows better identification of patients in
whom the occurrence of this complication must be
suspected, and for whom laboratory work-up for HIT
antibodies is indicated. This evaluation is generally per-
formed with the 4Ts’ score, much studied [167, 168] [159],
despite its limitations, particularly in more complex situa-
tions such as those encountered in ICU (no consensus on
the drugs responsible for thrombocytopenia, many other
causes of thrombocytopenia, very high negative predictive
value but not absolute (e.g. thrombosis in the absence of
thrombocytopenia), insufficient data on platelet count,
weak agreement in the determination of the 4th criteria
(other causes of thrombocytopenia)) [166, 169, 170].
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Table 3 Main advantages and limitations of APTT and anti-Xa activity for UFH treatment laboratory monitoring

- numerous interferences; optical methods can be unreliable in case of DIC

- heparin sensitivity is highly reagent dependent

- APTT prolongation target needs to be established for each new batch of
reagents

- APTT before UFH needed

- clinically irrelevant changes, or of dubious clinical relevance

APTT prolonged with:

- presence of antiphospholipid antibodies (viral infections)

- high CRP (depending on the reagent)

- high plasma levels in FDPs

- preanalytical (e.g., heparin/EDTA contamination, under-filling, delayed
centrifugation, hypertriglyceridemia, hyperbilirubinemia)

APTT shortened with:

- preanalytical (e.g., prolonged venous stasis, vigorous mixing, coagulation of the
sample, PF4)

- high factor VIII levels

Advantages Limits
APTT - largely available, low cost
- sensitive to clinically relevant changes of coagulation
(coagulation proteins increases or deficiencies)
Anti-Xa - less vulnerable to biological interferences
activity - no requirement for measurement before UFH

administration

- preanalytical interferences: PF4%; free hemoglobin and bilirubin if significant
elevation

- insensitive to fluctuations in the underlying coagulation state (i.e, coagulation
factor increases or defects), of potential clinical relevance

- AT deficiency (e.g. in sepsis): risk of heparin underdosing with kits containing
exogenous AT; sensitivity to endogenous AT not evaluated with kits that do
not contain exogenous AT

- variability in reagents composition (AT, dextran...)

- therapeutic range poorly defined

- not validated in hyperinflammatory states

- less available, more expensive

*PF4 released by activated platelets during poor sampling technique will neutralize UFH, leading to an underestimation of its activity
AT antithrombin, APTT activated partial thromboplastin time, UFH unfractionated heparin, PF4 platelet factor 4; CRP C-reactive protein, DIC disseminated
intravascular coagulation, FDP fibrinogen and fibrin degradation products; FVIIl factor VIII.

In case of strong suspicion, or as soon as the anti-
bodies are identified, treatment with heparin should be
stopped and replaced by a direct thrombin inhibitor
(DTT; argatroban, bivalirudin) or by danaparoid sodium.
Of note, the presence of a DTI can lead to underestima-
tion of plasma fibrinogen concentrations by inhibition of
the thrombin present in Clauss’ reagent [171]. This
interference will vary depending on the thrombin con-
centration used in the reagent [172, 173]. To a lesser ex-
tent, interference may also exist in the presence of high
concentration of UFH (0.6 to 2.0 IU/mL, depending on
the reagent), which would exceed the neutralization cap-
acities of the reagent used, or in the presence of high
concentration of FDPs (> 100-130 ug/mL) [173].

Conclusion

SARS-CoV-2 (COVID-19) infection is associated with a
laboratory prothrombotic state and a high incidence of
thrombosis. The follow-up of COVID-19 patients by

hemostasis testing could be pivotal, both in terms of risk
evaluation and therapeutic monitoring, though the limi-
tations of the tests used must always be acknowledged.
Longitudinal studies are needed to clarify which parame-
ters are the most relevant in terms of thrombotic risk
assessment and how to use them for patients’ manage-
ment (clinical implications, optimal cut-offs, frequency
of measurement, etc.). Measuring anti-Xa activity is rec-
ommended to guide UFH treatment, although this assay
is not without drawbacks. Whichever the test used, the
attitude adopted must fit local analytical conditions.
Additional studies are needed to gain knowledge on the
complex, variable and changing disturbances of
hemostasis in COVID-19 patients and its interactions
with the proinflammatory and infectious status of these
patients.

Acknowledgements
The authors would like to thank Axel Bailly for the conception of the figure.



Hardy et al. Thrombosis Journal (2020) 18:17

Ethical approval and consent to participate
Not applicable.

Availability of supporting data
Not applicable.

Authors’ contributions

All authors contributed to the literature review. MH, T.L, HT.C, GL. and F.M.
drafted the manuscript. All authors reviewed the manuscript for critical
content and approved the final version.

Funding

This work was supported by the Fonds National de la Recherche Scientifique:

'Anticoagulation fibrinolysis COVID19' (reference: 40002796).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Author details

'Université catholique de Louvain, CHU UCL Namur, Namur Thrombosis and
Hemostasis Center (NTHC), Hematology Laboratory, Yvoir, Belgium.
2Université catholique de Louvain, CHU UCL Namur, Namur Thrombosis and
Hemostasis Center (NTHC), Anesthesiology Department, Yvoir, Belgium.
*Département de Médecine, Hopitaux Universitaires de Genéve, service
d'angiologie et d’hémostase et Faculté de Médecine Geneva Platelet Group
(GpG), Université de Genéve, Geneva, Suisse, Switzerland. *Pharmacy
Department, University of Namur, Namur Thrombosis and Hemostasis Center
(NTHC), Namur, Belgium. *Qualiblood s.a, Namur, Belgium. ®Haemostasis and
Thrombosis Center, Cremona Hospital, Cremona, ltaly. 7Département
d'Hématologie Biologique, INSERM, CIC 1414 (Centre d'Investigation Clinique
de Rennes), Université de Rennes, CHU de Rennes, Rennes, France.
8Laboratoire d’Hématologie-Hémostase, CHRU de Tours, Hopital Trousseau,
Tours, France. °Australian Centre for Blood Diseases, Monash University,
Melbourne, Victoria, Australia. '°Department of Internal Medicine,
Cardiovascular Research Institute (CARIM), Maastricht University Medical
Center, Maastricht, the Netherlands. ''Section of Clinical Biochemistry,
University of Verona, Verona, Italy.

Received: 2 June 2020 Accepted: 21 July 2020
Published online: 07 September 2020

References

1. Lippi G, Favaloro EJ. D-dimer is associated with severity of coronavirus
disease 2019: a pooled analysis. Thromb Haemost. 2020;120(5):876-8.

2. CuiS, Chen S, Li X Liu S, Wang F. Prevalence of venous thromboembolism
in patients with severe novel coronavirus pneumonia. J Thromb Haemost.
2020;18(6):1421-4.

3. Zeng F,Huang Y, Guo Y, Yin M, Chen X, Xiao L, et al. Association of
inflammatory markers with the severity of COVID-19: a meta-analysis. Int J
Infect Dis. 2020,96:467-74.

4. Iba T, Levy JH. Inflammation and thrombosis: roles of neutrophils, platelets
and endothelial cells and their interactions in thrombus formation during
sepsis. J Thromb Haemost. 2018;16(2):231-41.

5. Levi M, Poll T. Coagulation in patients with severe sepsis. Semin Thromb
Hemost. 2015/41(1):9-15.

6. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is
associated with decreased mortality in severe coronavirus disease 2019
patients with coagulopathy. J Thromb Haemost. 2020;18(5):1094-9.

7. Klok FA, Kruip M, van der Meer NJM, Arbous MS, Gommers D, Kant KM,
et al. Incidence of thrombotic complications in critically ill ICU patients with
COVID-19. Thromb Res. 2020;191:145-7.

8. Middeldorp S, Coppens M, van Haaps TF, Foppen M, Vlaar AP, Muller MCA,
et al. Incidence of venous thromboembolism in hospitalized patients with
COVID-19. J Thromb Haemost. 2020. Online ahead of print. https://doi.org/
10.1111/jth.14888.

9. Thomas WVJ, Johnston A, Symington E, Robinson M, Sheares K, Lavinio A,
Bessera M. Thrombotic complications of patients admitted to intensive care

20.

22.

23.

24.

25.

26.

27.

28.

29.

Page 12 of 16

with COVID-19 at a teaching hospital in the United Kingdom. Thromb Res.
2020;191:76-7.

Helms J, Tacquard C, Severac F, Leonard-Lorant |, Ohana M, Delabranche X,

et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: a
multicenter prospective cohort study. Intensive Care Med. 2020;46(6):1089-98.
Poissy J, Goutay J, Caplan M, Parmentier E, Duburcq T, Lassalle F, et al.
Pulmonary Embolism in COVID-19 Patients: Awareness of an Increased
Prevalence. Circulation. 2020. Online ahead of print. https:.//doi.org/10.1161/
CIRCULATIONAHA.120.047430.

Klok FA, Kruip M, van der Meer NJM, Arbous MS, Gommers D, Kant KM,

et al. Confirmation of the high cumulative incidence of thrombotic
complications in critically ill ICU patients with COVID-19: an updated
analysis. Thromb Res. 2020;191:148-50.

Beun R, Kusadasi N, Sikma M, Westerink J, Huisman A. Thromboembolic
events and apparent heparin resistance in patients infected with SARS-CoV-
2. Int J Lab Hematol. 2020;42(Suppl 1):19-20.

Artifoni M, Danic G, Gautier G, Gicquel P, Boutoille D, Raffi F, et al.
Systematic assessment of venous thromboembolism in COVID-19 patients
receiving thromboprophylaxis: incidence and role of D-dimer as predictive
factors. J Thromb Thrombolysis. 2020;50(1):211-6.

Susen S, Tacquard CA, Godon A, Mansour A, Garrigue D, Nguyen P, et al.
Prevention of thrombotic risk in hospitalized patients with COVID19 and
hemostasis monitoring: proposals from the French working group on
perioperative Haemostasis (GIHP) the French Sdy group on thrombosis and
Haemostasis (GFHT), in collaboration with the French Society for
Anaesthesia and Intensive Care (SFAR). Crit Care. 2020;24(1):364.

Casini A, Alberio L, Angelillo-Scherrer A, Fontana P, Gerber B, Graf L, et al.
Thromboprophylaxis and laboratory monitoring for in-hospital patients with
COVID-19 - a Swiss consensus statement by the working party hemostasis.
Swiss Med WKly. 2020;150:.w20247.

Gesellschaft fir Thrombose- und Hamostaseforschung (GTH). Empfehlungen
zur Thromboseprophylaxe bei SARS-CoV-2 (COVID-19). 2020. Available from:
http://gth-online.org/wp-content/uploads/2020/04/Aktualisierte-GTH-
Empfehlungen-COVID-19-1.pdf [Accessed 2 June 2020].

Oudkerk M, Buller HR, Kuijpers D, van Es N, Oudkerk SF, McLoud TC, et al.
Diagnosis, prevention, and treatment of thromboembolic complications in
COVID-19: report of the National Institute for public health of the
Netherlands. Radiology. 2020,201629.

Zhai Z, Li C, Chen Y, Gerotziafas G, Zhang Z, Wan J, et al. Prevention and
treatment of venous thromboembolism associated with coronavirus disease
2019 infection: a consensus statement before guidelines. Thromb Haemost.
2020;120(6):937-48.

Thachil J, Tang N, Gando S, Falanga A, Cattaneo M, Levi M, et al. ISTH
interim guidance on recognition and management of coagulopathy in
COVID-19. J Thromb Haemost. 2020;18(5):1023-6.

American Society for Hematology (ASH). COVID-19 and VTE/Anticoagulation:
Frequently Asked Questions. 2020. Available from: https://www.hematology.
org/covid-19/covid-19-and-vte-anticoagulation [Accessed 2 June 2020].
Marietta M, Ageno W, Artoni A, De Candia E, Gresele P, Marchetti M, et al.
COVID-19 and haemostasis: a position paper from Italian society on
thrombosis and Haemostasis (SISET). Blood Transfus. 2020;18(3):167-9.

Hunt B, Retter A, McClintock C. Practical guidance for the prevention of
thrombosis and management of coagulopathy and disseminated intravascular
coagulation of patients infected with COVID-19. 2020. Available from: https://
thrombosisuk.org/downloads/T&H%20and%20COVID.pdf [Accessed 2 June 2020].
Frantzeskaki F, Armaganidis A, Orfanos SE. Immunothrombosis in acute
respiratory distress syndrome: Cross talks between inflammation and
coagulation. Respiration. 2017,93(3):212-25.

Schultz MJ, Haitsma JJ, Zhang H, Slutsky AS. Pulmonary coagulopathy as a
new target in therapeutic studies of acute lung injury or pneumonia - a
review. Crit Care Med. 2006;34(3):871-7.

Kowalewski M, Fina D, Slomka A, Raffa GM, Martucci G, Lo Coco V, et al.
COVID-19 and ECMO: the interplay between coagulation and inflammation-
a narrative review. Crit Care. 2020:24(1):205.

Levi M, Thachil J, Iba T, Levy JH. Coagulation abnormalities and thrombosis
in patients with COVID-19. Lancet Haematol. 2020;7(6):e438-40.

Voss R, Matthias FR, Borkowski G, Reitz D. Activation and inhibition of
fibrinolysis in septic patients in an internal intensive care unit. Br J
Haematol. 1990;75(1):99-105.

Prabhakaran P, Ware LB, White KE, Cross MT, Matthay MA, Olman MA.
Elevated levels of plasminogen activator inhibitor-1 in pulmonary edema


https://doi.org/10.1111/jth.14888
https://doi.org/10.1111/jth.14888
https://doi.org/10.1161/CIRCULATIONAHA.120.047430
https://doi.org/10.1161/CIRCULATIONAHA.120.047430
http://gth-online.org/wp-content/uploads/2020/04/Aktualisierte-GTH-Empfehlungen-COVID-19-1.pdf
http://gth-online.org/wp-content/uploads/2020/04/Aktualisierte-GTH-Empfehlungen-COVID-19-1.pdf
https://www.hematology.org/covid-19/covid-19-and-vte-anticoagulation
https://www.hematology.org/covid-19/covid-19-and-vte-anticoagulation
https://thrombosisuk.org/downloads/T&H%20and%20COVID.pdf
https://thrombosisuk.org/downloads/T&H%20and%20COVID.pdf

Hardy et al. Thrombosis Journal

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2020) 18:17

fluid are associated with mortality in acute lung injury. Am J Physiol Lung
Cell Mol Physiol. 2003;285(1):L.20-8.

Masi P, Hékimian G, Lejeune M, Chommeloux J, Desnos C, Pineton De
Chambrun M, et al. Systemic Inflammatory Response Syndrome is a Major
Contributor to COVID-19-Associated Coagulopathy: Insights from a
Prospective SingleCenter Cohort Study. Circulation. 2020. Online ahead of
print. https://doi.org/10.1161/CIRCULATIONAHA.120.048925.

Fujimoto H, Gabazza EC, Hataji O, Yuda H, D'Alessandro-Gabazza CN, Nakano
M, et al. Thrombin-activatable fibrinolysis inhibitor and protein C inhibitor in
interstitial lung disease. Am J Respir Crit Care Med. 2003;167(12):1687-94.
Whyte CS, Morrow GB, Mitchell JL, Chowdary P, Mutch NJ. Fibrinolytic
abnormalities in acute respiratory distress syndrome (ARDS) and versatility of
thrombolytic drugs to treat COVID-19. J Thromb Haemost. 2020;18(7):1548-55.
Marchandot B, Sattler L, Jesel L, Matsushita K, Schini-Kerth V, Grunebaum L,
et al. COVID-19 related coagulopathy: a distinct entity? J Clin Med. 2020,9(6):
E1651.

Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. 2020;
395(10234):1417-8.

Khider L, Gendron N, Goudot G, Chocron R, Hauw-Berlemont C, Cheng C,
et al. Curative anticoagulation prevents endothelial lesion in COVID-19
patients. J Thromb Haemost. 2020. Online ahead of print. https://doi.org/10.
1111/jth.14968.

Huisman A, Beun R, Sikma M, Westerink J, Kusadasi N. Involvement of
ADAMTS13 and von Willebrand factor in thromboembolic events in
patients infected with SARS-CoV-2. Int J Lab Hematol. 2020. Online ahead of
print. https://doi.org/10.1111/ijlh.13244.

Morici N, Bottiroli M, Fumagalli R, Marini C, Cattaneo M. Role of von
Willebrand Factor and ADAMTS-13 in the Pathogenesis of Thrombi in SARS-
CoV-2 Infection: Time to Rethink. Thromb Haemost. 2020. Online ahead of
print. https://doi.org/10.1055/5-0040-1713400.

Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: a
retrospective cohort study. Lancet. 2020;395(10229):1054-62.

Yin S, Huang M, Li D, Tang N. Difference of coagulation features between
severe pneumonia induced by SARS-CoV2 and non-SARS-CoV2. J Thromb
Thrombolysis. 2020. Online ahead of print. https.//doi.org/10.1007/511239-
020-02105-8.

Al-Samkari H, Karp Leaf RS, Dzik WH, Carlson JC, Fogerty AE, Waheed A,

et al. COVID and Coagulation: Bleeding and Thrombotic Manifestations of
SARS-CoV2 Infection. Blood. 2020. Online ahead of print. https://doi.org/10.
1182/blood.2020006520.

Chen S, Zhang D, Zheng T, Yu Y, Jiang J. DVT incidence and risk factors in
critically ill patients with COVID-19. J Thromb Thrombolysis. 2020. Online
ahead of print. https://doi.org/10.1007/511239-020-02181-w.

Fox SE, Akmatbekov A, Harbert JL, Li G, Brown JQ, Vander Heide RS.
Pulmonary and Cardiac Pathology in African American Patients With COVID-
19: An Autopsy Series From New Orleans. Lancet Respir Med. 2020. Online
ahead of print. https://doi.org/10.1016/52213-2600(20)30243-5.

Thachil J. All those D-dimers in COVID-19. J Thromb Haemost. 2020. Online
ahead of print. https://doi.org/10.1111/jth.14939.

Hunt BJ, Levi M. Re The source of elevated plasma D-dimer levels in COVID-
19 infection. Br J Haematol. 2020. Online ahead of print. https://doi.org/10.
1111/bjh.16907.

Bikdeli B, Madhavan MV, Jimenez D, Chuich T, Dreyfus |, Driggin E, et al.
COVID-19 and thrombotic or thromboembolic disease: implications for
prevention, antithrombotic therapy, and follow-up. J Am Coll Cardiol. 2020;
75(23):2950-73.

Stang LJ. D-dimer and fibrinogen/fibrin degradation products. Methods Mol
Biol. 2013,992:415-27.

Longstaff C, Adcock D, Olson JD, Jennings |, Kitchen S, Mutch N, et al.
Harmonisation of D-dimer - a call for action. Thromb Res. 2016;137:219-20.
Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, et al. Clinical characteristics
of 113 deceased patients with coronavirus disease 2019: retrospective study.
BMJ. 2020,368m1091.

Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are
associated with poor prognosis in patients with novel coronavirus
pneumonia. J Thromb Haemost. 2020;18(4):844-7.

Liu'Y, Sun W, Guo Y, Chen L, Zhang L, Zhao S, et al. Association between
platelet parameters and mortality in coronavirus disease 2019: Retrospect
Cohort Stud. Platelets. 2020: 1-7.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

Page 13 of 16

Lippi G, Plebani M, Henry BM. Thrombocytopenia is associated with severe
coronavirus disease 2019 (COVID-19) infections: a meta-analysis. Clin Chim
Acta. 2020;506:145-8.

Page MJ, Pretorius E. A champion of host defense: a generic large-scale
cause for platelet dysfunction and depletion in infection. Semin Thromb
Hemost. 2020;46(3):302-19.

Taylor FB Jr, Toh CH, Hoots WK, Wada H, Levi M. Scientific subcommittee on
disseminated intravascular coagulation of the international society on T,
et al. towards definition, clinical and laboratory criteria, and a scoring
system for disseminated intravascular coagulation. Thromb Haemost. 2001;
86(5):1327-30.

Levi M, Toh CH, Thachil J, Watson HG. Guidelines for the diagnosis and
management of disseminated intravascular coagulation. British Committee
for Standards in Haematology. Br J Haematol. 2009;145(1):24-33.

Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological
and clinical characteristics of 99 cases of 2019 novel coronavirus
pneumonia in Wuhan, China: a descriptive study. Lancet. 2020;
395(10223):507-13.

Refaai MA, Riley P, Mardovina T, Bell PD. The clinical significance of fibrin
monomers. Thromb Haemost. 2018;118(11):1856-66.

Wada H, Takahashi H, Uchiyama T, Eguchi Y, Okamoto K, Kawasugi K; et al.
The approval of revised diagnostic criteria for DIC from the Japanese society
on thrombosis and hemostasis. Thromb J. 2017;15:17.

Asakura H, Takahashi H, Uchiyama T, Eguchi Y, Okamoto K, Kawasugi K, et al.
Proposal for new diagnostic criteria for DIC from the Japanese society on
thrombosis and hemostasis. Thromb J. 2016;14:42.

Brionne-Francois M, Geara C, Riviere M, Gautier P, Davy JB, Le Querrec A,
et al. Etude prospective de I'utilisation des monomeres de fibrine dans le
calcul du score diagnostic de CIVD de I1STH (Poster). 33e congrés de la
Société Francaise d'Hématologie (SFH); Paris. 2016.

Westerlund E, Woodhams BJ, Eintrei J, Soderblom L, Antovic JP. The
evaluation of two automated soluble fibrin assays for use in the routine
hospital laboratory. Int J Lab Hematol. 2013;35(6):666-71.

Hamano A, Tanaka S, Takeda Y, Umeda M, Sakata Y. A novel monoclonal
antibody to fibrin monomer and soluble fibrin for the detection of soluble
fibrin in plasma. Clin Chim Acta. 2002;318(1-2):25-32.

Dempfle CE. The use of soluble fibrin in evaluating the acute and chronic
hypercoagulable state. Thromb Haemost. 1999;82(2):673-83.

Lutze G, Naumann C. Useful Facts about Coagulation: Questions/answers ;
[general Principles, Clinical Aspects/treatment, Preanalytical/analytical
Aspects]: Roche Diagnostics; 2004.

Madoiwa S, Kitajima I, Ohmori T, Sakata Y, Mimuro J. Distinct reactivity of
the commercially available monoclonal antibodies of D-dimer and plasma
FDP testing to the molecular variants of fibrin degradation products.
Thromb Res. 2013;132(4):457-64.

Lippi G, Cervellin G, Franchini M, Favaloro EJ. Biochemical markers for the
diagnosis of venous thromboembolism: the past, present and future.

J Thromb Thrombolysis. 2010;30(4):459-71.

Favaloro EJ, Thachil J. Reporting of D-dimer data in COVID-19: some
confusion and potential for misinformation. Clin Chem Lab Med. 2020;58(8):
1191-9.

Hatada T, Wada H, Kawasugi K, Okamoto K, Uchiyama T, Kushimoto S, et al.
Analysis of the cutoff values in fibrin-related markers for the diagnosis of
overt DIC. Clin Appl Thromb Hemost. 2012;18(5):495-500.

Qlson JD, Cunningham MT, Higgins RA, Eby CS, Brandt JT. D-dimer: simple
test, tough problems. Arch Pathol Lab Med. 2013;137(8):1030-8.

Suzuki K, Wada H, Imai H, Iba T, Thachil J, Toh CH, et al. A re-evaluation of
the D-dimer cut-off value for making a diagnosis according to the ISTH
overt-DIC diagnostic criteria: communication from the SSC of the ISTH.

J Thromb Haemost. 2018:16(7):1442-4.

Favresse J, Lippi G, Roy PM, Chatelain B, Jacgmin H, Ten Cate H, et al.
D-dimer: Preanalytical, analytical, postanalytical variables, and clinical
applications. Crit Rev Clin Lab Sci. 2018;55(8):548-77.

Tre-Hardy M, Blairon L, Wilmet A, Beukinga |, Malonne H, Dogne JM, et al.
The role of serology for COVID-19 control: Population, kinetics and test
performance do matter. J Infect. 2020. Online ahead of print. https.//doi.
0rg/10.1016/jjinf.2020.05.019.

Pieters M, Philippou H, Undas A, de Lange Z, Rijken DC, Mutch NJ, et al. An
international study on the feasibility of a standardized combined plasma
clot turbidity and lysis assay: communication from the SSC of the ISTH. J
Thromb Haemost. 2018;16(5):1007-12.


https://doi.org/10.1161/CIRCULATIONAHA.120.048925
https://doi.org/10.1111/jth.14968
https://doi.org/10.1111/jth.14968
https://doi.org/10.1111/ijlh.13244
https://doi.org/10.1055/s-0040-1713400
https://doi.org/10.1007/s11239-020-02105-8
https://doi.org/10.1007/s11239-020-02105-8
https://doi.org/10.1182/blood.2020006520
https://doi.org/10.1182/blood.2020006520
https://doi.org/10.1007/s11239-020-02181-w
https://doi.org/10.1016/S2213-2600(20)30243-5
https://doi.org/10.1111/jth.14939
https://doi.org/10.1111/bjh.16907
https://doi.org/10.1111/bjh.16907
https://doi.org/10.1016/j.jinf.2020.05.019
https://doi.org/10.1016/j.jinf.2020.05.019

Hardy et al. Thrombosis Journal

73.
74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

(2020) 18:17

Glassman A, Abram M, Baxter G, Swett A. Euglobulin lysis times: an update.
Ann Clin Lab Sci. 1993,23(5):329-32.

Cohen W, Alessi MC. Temps de lyse. EMC Biologie médicale. 2012;7(3):1-3.
Scheer FA, Shea SA. Human circadian system causes a morning peak in
prothrombotic plasminogen activator inhibitor-1 (PAI-1) independent of the
sleep/wake cycle. Blood. 2014;123(4):590-3.

Budkowska M, Lebiecka A, Marcinowska Z, Wozniak J, Jastrzebska M,
Dolegowska B. The circadian rhythm of selected parameters of the
hemostasis system in healthy people. Thromb Res. 2019;182:79-88.
Eriksson E, Tengborn L, Risberg B. The effect of various anticoagulant/
antiplatelet mixtures on determination of plasminogen activator inhibitor,
platelet proteins and hemostasis parameters. Thromb Haemost. 1989,61(3):
511-6.

Paramo JA, de Boer A, Colucci M, Jonker JJ, Collen D. Plasminogen activator
inhibitor (PA-inhibitor) activity in the blood of patients with deep vein
thrombosis. Thromb Haemost. 1985;54(3):725.

Juhan-Vague |, Alessi MC, Fossat C, Declerck PJ, Kruithof EK. Plasma
determination of plasminogen activator inhibitor 1 antigen must be
performed in blood collected on antiplatelet/anticoagulant mixture.
Thromb Haemost. 1987;58(4):1096.

Mertens JC, Claesen K, Leenaerts D, Sim Y, Lambeir AM, Hendriks D.
Inhibition of the procarboxypeptidase U (proCPU, TAFI, proCPB2) system
due to hemolysis. J Thromb Haemost. 2019;17(6):878-84.

Amiral J, Seghatchian J. The contact system at the crossroads of various
key patho- physiological functions: update on present understanding,
laboratory exploration and future perspectives. Transfus Apher Sci. 2019;
58(2):2216-22.

Scarlatescu E, Juffermans NP, Thachil J. The current status of viscoelastic
testing in septic coagulopathy. Thromb Res. 2019;183:146-52.

Cointe S, Harti Souab K, Bouriche T, Vallier L, Bonifay A, Judicone C,

et al. A new assay to evaluate microvesicle plasmin generation capacity:
validation in disease with fibrinolysis imbalance. J Extracell Vesicles.
2018;7(1):1494482.

Vallier L, Cointe S, Lacroix R, Bonifay A, Judicone C, Dignat-George F, et al.
Microparticles and fibrinolysis. Semin Thromb Hemost. 2017;43(2):129-34.
Harahsheh Y, Duff OC, Ho KM. Thromboelastography predicts
thromboembolism in critically ill Coagulopathic patients. Crit Care Med.
2019/47(6):826-32.

McCrath DJ, Cerboni E, Frumento RJ, Hirsh AL, Bennett-Guerrero E.
Thromboelastography maximum amplitude predicts postoperative
thrombotic complications including myocardial infarction. Anesth Analg.
2005;100(6):1576-83.

Gary JL, Schneider PS, Galpin M, Radwan Z, Munz JW, Achor TS, et al. Can
Thrombelastography predict venous thromboembolic events in patients
with severe extremity trauma? J Orthop Trauma. 2016;30(6):294-8.

Cotton BA, Minei KM, Radwan ZA, Matijevic N, Pivalizza E, Podbielski J,
et al. Admission rapid thrombelastography predicts development of
pulmonary embolism in trauma patients. J Trauma Acute Care Surg.
2012,72(6):1470-5.

Brill JB, Badiee J, Zander AL, Wallace JD, Lewis PR, Sise MJ, et al. The rate of
deep vein thrombosis doubles in trauma patients with hypercoagulable
thromboelastography. J Trauma Acute Care Surg. 2017;83(3):413-9.
Coleman JR, Kay AB, Moore EE, Moore HB, Gonzalez E, Majercik S, et al. It's
sooner than you think: blunt solid organ injury patients are already
Hypercoagulable upon hospital admission - results of a bi-institutional,
prospective study. Am J Surg. 2019;218(6):1065-73.

Dai Y, Lee A, Critchley LA, White PF. Does thromboelastography predict
postoperative thromboembolic events? A systematic review of the
literature. Anesth Analg. 2009;108(3):734-42.

Pavoni V, Gianesello L, Pazzi M, Stera C, Meconi T, Frigieri FC. Evaluation of
coagulation function by rotation thromboelastometry in critically ill patients
with severe COVID-19 pneumonia. J Thromb Thrombolysis. 2020. Online
ahead of print. https://doi.org/10.1007/511239-020-02130-7.

Ranucci M, Ballotta A, Di Dedda U, Bayshnikova E, Dei Poli M, Resta M, et al.
The procoagulant pattern of patients with COVID-19 acute respiratory
distress syndrome. J Thromb Haemost. 2020;18(7):1747-51.

Spiezia L, Boscolo A, Poletto F, Cerruti L, Tiberio I, Campello E, et al. COVID-
19-related severe hypercoagulability in patients admitted to intensive care
unit for acute respiratory failure. Thromb Haemost. 2020;120(6):998-1000.
Wright FL, Vogler TO, Moore EE, Moore HB, Wohlauer MV, Urban S, et al.
Fibrinolysis Shutdown Correlates to Thromboembolic Events in Severe

96.

97.

98.

99.

100.

101.

102.

104.

105.

108.

110.

111

112.

115.

Page 14 of 16

COVID-19 Infection. J Am Coll Surg. 2020. Online ahead of print. https://doi.
0rg/10.1016/jjamcollsurg.2020.05.007.

Raza |, Davenport R, Rourke C, Platton S, Manson J, Spoors C, et al. The
incidence and magnitude of fibrinolytic activation in trauma patients.

J Thromb Haemost. 2013;11(2):307-14.

Ranucci M, Baryshnikova E. Sensitivity of viscoelastic tests to platelet
function. J Clin Med. 2020;9(1):189.

Ranucci M, Di Dedda U, Baryshnikova E. Trials and tribulations of
viscoelastic-based determination of Fibrinogen concentration. Anesth Analg.
2020;130(3):644-53.

Chitlur M, Sorensen B, Rivard GE, Young G, Ingerslev J, Othman M, et al.
Standardization of thromboelastography: a report from the TEG-ROTEM
working group. Haemophilia. 2011;17(3):532-7.

Camenzind V, Bombeli T, Seifert B, Jamnicki M, Popovic D, Pasch T, et al.
Citrate storage affects Thrombelastograph analysis. Anesthesiology. 2000;
92(5):1242-9.

Zambruni A, Thalheimer U, Leandro G, Perry D, Burroughs AK.
Thromboelastography with citrated blood: comparability with native blood,
stability of citrate storage and effect of repeated sampling. Blood Coagul
Fibrinolysis. 2004;15(1):103-7.

Wasowicz M, Srinivas C, Meineri M, Banks B, McCluskey SA, Karkouti K.
Technical report: analysis of citrated blood with thromboelastography:
comparison with fresh blood samples. Can J Anaesth. 2008;55(5):284-9.

. Gilman EA, Koch CD, Santrach PJ, Schears GJ, Karon BS. Fresh and citrated

whole-blood specimens can produce different thromboelastography results
in patients on extracorporeal membrane oxygenation. Am J Clin Pathol.
2013;140(2):165-9.

Haas T, Spielmann N, Cushing M. Impact of incorrect filling of citrate blood
sampling tubes on thromboelastometry. Scand J Clin Lab Invest. 2015;75(8):717-9.
Tang N, Jin X, Sun Z, Jian C. Effects of hemolysis and lipemia interference
on kaolin-activated thromboelastography, and comparison with
conventional coagulation tests. Scand J Clin Lab Invest. 2017;77(2):98-103.

. Spiezia L, Radu C, Marchioro P, Bertini D, Rossetto V, Castelli M, et al.

Peculiar whole blood rotation thromboelastometry (Rotem) profile in 40
sideropenic anaemia patients. Thromb Haemost. 2008;100(6):1106-10.

. Ogawa S, Szlam F, Bolliger D, Nishimura T, Chen EP, Tanaka KA. The impact

of hematocrit on fibrin clot formation assessed by rotational
thromboelastometry. Anesth Analg. 2012;115(1):16-21.

Solomon C, Rahe-Meyer N, Schochl H, Ranucci M, Gorlinger K. Effect of
haematocrit on fibrin-based clot firmness in the FIBTEM test. Blood Transfus.
2013;11(3):412-8.

. Glas M, Mauer D, Kassas H, Volk T, Kreuer S. Sample transport by pneumatic

tube system alters results of multiple electrode aggregometry but not
rotational thromboelastometry. Platelets. 2013,24(6):454-61.

Amann G, Zehntner C, Marti F, Colucci G. Effect of acceleration forces
during transport through a pneumatic tube system on ROTEM(R) analysis.
Clin Chem Lab Med. 2012;50(8):1335-42.

Le Quellec S, Paris M, Nougier C, Sobas F, Rugeri L, Girard S, et al. Pre-
analytical effects of pneumatic tube system transport on routine
haematology and coagulation tests, global coagulation assays and platelet
function assays. Thromb Res. 2017;153:7-13.

Nissen PH, Wulff DE, Torring N, Hvas AM. The impact of pneumatic tube
transport on whole blood coagulation and platelet function assays.
Platelets. 2018;29(4):421-4.

. Kintigh J, Monagle P, Ignjatovic V. A review of commercially available

thrombin generation assays. Res Pract Thromb Haemost. 2018;2(1):42-8.

. Dougxfils J, Morimont L, Bouvy C, de Saint-Hubert M, Devalet B, Devroye C,

et al. Assessment of the analytical performances and sample stability on ST
Genesia system using the STG-DrugScreen application. J Thromb Haemost.
2019;17(8):1273-87.

Carlo A, Arnaud E, Woodhams BJ. The use of polybrene for heparin
neutralization in the thrombin generation test. Boston: Poster presented at:
XXII'ISTH Congress & 55th Annual SSC Meeting; 2009.

. Loeffen R, Kleinegris MC, Loubele ST, Pluijmen PH, Fens D, van Oerle R,

et al. Preanalytic variables of thrombin generation: towards a standard
procedure and validation of the method. J Thromb Haemost. 2012;
10(12):2544-54.

. Alhazzani W, Lim W, Jaeschke RZ, Murad MH, Cade J, Cook DJ. Heparin

thromboprophylaxis in medical-surgical critically ill patients: a systematic
review and meta-analysis of randomized trials. Crit Care Med. 2013;41(9):
2088-98.


https://doi.org/10.1007/s11239-020-02130-7
https://doi.org/10.1016/j.jamcollsurg.2020.05.007
https://doi.org/10.1016/j.jamcollsurg.2020.05.007

Hardy et al. Thrombosis Journal

118.

119.

120.

121.

122.

123.

126.

127.

128.

131.

133.

134.

135.

137.

138.

(2020) 18:17

Lim W, Meade M, Lauzier F, Zarychanski R, Mehta S, Lamontagne F, et al.
Failure of anticoagulant thromboprophylaxis: risk factors in medical-surgical
critically ill patients®. Crit Care Med. 2015;43(2):401-10.

Testa S, Prandoni P, Paoletti O, Morandini R, Tala M, Dellanoce C, et al.
Direct oral anticoagulant plasma levels' striking increase in severe COVID-19
respiratory syndrome patients treated with antiviral agents: the Cremona
experience. J Thromb Haemost. 2020;18(6):1320-3.

Thachil J. The versatile heparin in COVID-19. J Thromb Haemost. 2020;18(5):
1020-2.

Wakefield TW, Greenfield LJ, Rolfe MW, Delucia A 3rd, Strieter RM, Abrams
GD, et al. Inflammatory and procoagulant mediator interactions in an
experimental baboon model of venous thrombosis. Thromb Haemost. 1993;
69(2):164-72.

Tichelaar Y1, Kluin-Nelemans HJ, Meijer K. Infections and inflammatory
diseases as risk factors for venous thrombosis. A systematic review. Thromb
Haemost. 2012;107(5):827-37.

Vicenzi E, Canducci F, Pinna D, Mancini N, Carletti S, Lazzarin A, et al.
Coronaviridae and SARS-associated coronavirus strain HSR1. Emerg Infect
Dis. 2004;10(3):413-8.

. Bounameaux H, de Moerloose P. Is laboratory monitoring of low-molecular-

weight heparin therapy necessary? No J Thromb Haemost. 2004;2(4):551-4.

. Garcia DA, Baglin TP, Weitz JI, Samama MM. Parenteral anticoagulants:

antithrombotic therapy and prevention of thrombosis, 9th ed: American
College of Chest Physicians Evidence-Based Clinical Practice Guidelines.
Chest. 2012;141(2 Suppl):e245-43S.

Dolovich LR, Ginsberg JS, Douketis JD, Holbrook AM, Cheah G. A meta-
analysis comparing low-molecular-weight heparins with unfractionated
heparin in the treatment of venous thromboembolism: examining some
unanswered questions regarding location of treatment, product type, and
dosing frequency. Arch Intern Med. 2000;160(2):181-8.

Martel N, Lee J, Wells PS. Risk for heparin-induced thrombocytopenia with
unfractionated and low-molecular-weight heparin thromboprophylaxis: a
meta-analysis. Blood. 2005;106(8):2710-5.

Basu D, Gallus A, Hirsh J, Cade J. A prospective study of the value of
monitoring heparin treatment with the activated partial thromboplastin
time. N Engl J Med. 1972;287(7):324-7.

. Gouin-Thibaut I, Martin-Toutain |, Peynaud-Debayle E, Marion S, Napol P,

Alhenc-Gelas M, et al. Monitoring unfractionated heparin with APTT: a
French collaborative study comparing sensitivity to heparin of 15 APTT
reagents. Thromb Res. 2012;129(5):666-7.

. Cuker A, Raby A, Moffat KA, Flynn G, Crowther MA. Interlaboratory

variation in heparin monitoring: lessons from the quality management
program of Ontario coagulation surveys. Thromb Haemost. 2010;104(4):
837-44.

Marlar RA, Clement B, Gausman J. Activated partial Thromboplastin time
monitoring of unfractionated heparin therapy: issues and
recommendations. Semin Thromb Hemost. 2017;43(3):253-60.

. Bain B, Forster T, Sleigh B. Heparin and the activated partial thromboplastin

time--a difference between the in-vitro and in-vivo effects and implications
for the therapeutic range. Am J Clin Pathol. 1980;74(5):668-73.
Gouin-Thibault | LT, Sie P, Siguret V. Anticoagulants usuels : maniement et
gestion des complications. In: Encyclopédie Médico-Chirurgicale Akos (traité
de Médecine) 2013.

Levine SP, Sorenson RR, Harris MA, Knieriem LK. The effect of platelet factor
4 (PF4) on assays of plasma heparin. Br J Haematol. 1984;57(4):585-96.
Mischke R, Wolling H. Influence of fibrinogen degradation products on
thrombin time, activated partial thromboplastin time and prothrombin time
of canine plasma. Haemostasis. 2000;30(3):123-30.

. Vandiver JW, Vondracek TG. Antifactor Xa levels versus activated partial

thromboplastin time for monitoring unfractionated heparin.
Pharmacotherapy. 2012;32(6):546-58.

Erdem-Eraslan L, Hens JJH, van Rossum AP, Frasa MAM, Keuren JFW.
Inter-individual variability in phospholipid-dependent interference of C-
reactive protein on activated partial thromboplastin time. Br J
Haematol. 2018;183(4):681-3.

Devreese KM, Verfaillie CJ, De Bisschop F, Delanghe JR. Interference of C-
reactive protein with clotting times. Clin Chem Lab Med 2015; 53(5): e141-5.

. Uthman IW, Gharavi AE. Viral infections and antiphospholipid antibodies.

Semin Arthritis Rheum. 2002;31(4):256-63.

. Bowles L, Platton S, Yartey N, Dave M, Lee K, Hart DP, et al. Lupus

Anticoagulant and Abnormal Coagulation Tests in Patients with Covid-19. N

141.

143.

146.

147.

150.

15

152.
153.

156.

157.

158.

159.

160.

162.

Page 15 of 16

Engl J Med. 2020. Online ahead of print. https.//doi.org/10.1056/
NEJMc2013656.

Harzallah |, Debliquis A, Drenou B. Lupus anticoagulant is frequent in
patients with Covid-19. J Thromb Haemost. 2020. Online ahead of print.
https://doi.org/10.1111/jth.14867.

. Zhang Y, Xiao M, Zhang S, Xia P, Cao W, Jiang W, et al. Coagulopathy and

Antiphospholipid antibodies in patients with Covid-19. N Engl J Med. 2020;
382(17):e38.

Connell NT, Battinelli EM, Connors JM. Coagulopathy of COVID-19 and
antiphospholipid antibodies. J Thromb Haemost. 2020. Online ahead of
print. https://doi.org/10.1111/jth.14893.

. Sangle NA, Rodgers GM, Smock KJ. Prevalence of heparin in samples

submitted for lupus anticoagulant testing. Lab Hematol. 2011;17(1):6-11.

. De Kesel PMM, Devreese KMJ. The effect of unfractionated heparin,

enoxaparin, and danaparoid on lupus anticoagulant testing: can activated
carbon eliminate false-positive results? Res Pract Thromb Haemost. 2020;
4(1):161-8.

Favresse J, Lardinois B, Sabor L, Devalet B, Vandepapeliere J, Braibant M,
et al. Evaluation of the DOAC-stop(R) procedure to overcome the effect
of DOACs on several thrombophilia screening tests. TH Open. 2018;2(2):
€202-€9.

Toh CH, Samis J, Downey C, Walker J, Becker L, Brufatto N, et al. Biphasic
transmittance waveform in the APTT coagulation assay is due to the
formation of a Ca(++)-dependent complex of C-reactive protein with very-
low-density lipoprotein and is a novel marker of impending disseminated
intravascular coagulation. Blood. 2002;100(7):2522-9.

. Sevenet PO, Depasse F. Clot waveform analysis: where do we stand in

20177 Int J Lab Hematol. 2017;39(6):561-8.

. Hemker HC, Béguin S. The activity of heparin in the presence and absence

of Ca2+ ions; why the anti-Xa activity of LMW heparins is about two times
overestimated. Thromb Haemost. 1993;70(04):717-8.

Kostousov V, Nguyen K, Hundalani SG, Teruya J. The influence of free
hemoglobin and bilirubin on heparin monitoring by activated partial
thromboplastin time and anti-Xa assay. Arch Pathol Lab Med. 2014;138(11):
1503-6.

. White B, Perry D. Acquired antithrombin deficiency in sepsis. Br J Haematol.

2001;112(1):26-31.

Newall F. Anti-factor Xa (anti-Xa) assay. Methods Mol Biol. 2013;992:265-72.
Depasse F, Gilbert M, Goret V, Rolland N, Samama MM. Anti-Xa monitoring:
inter-assay variability. Thromb Haemost. 2000;84(6):1122-3.

. Uprichard J, Manning RA, Laffan MA. Monitoring heparin anticoagulation in

the acute phase response. Br J Haematol. 2010;149(4):613-9.

. Hollestelle MJ, van der Meer FJM, Meijer P. Quality performance for indirect

Xa inhibitor monitoring in patients using international external quality data.
Clin Chem Lab Med. 2020. Online ahead of print. https://doi.org/10.1515/
cclm-2020-0130.

Smahi M, De Pooter N, Hollestelle MJ, Toulon P. Monitoring unfractionated
heparin therapy. Lack of standardization of anti-Xa activity reagents.

J Thromb Haemost. 2020. Online ahead of print. https://doi.org/10.1111/jth.
14969.

Eikelboom JW, Hirsh J. Monitoring unfractionated heparin with the aPTT:
time for a fresh look. Thromb Haemost. 2006;96(5):547-52.

Guermazi S, Znazen R. Resistance to curative treatment by unfractionned
heparin. Rev Med Interne. 2009;30(4):331-4.

Marchetti M, Barelli S, Zermatten MG, Monnin-Respen F, Matthey-Guirao E,
Nicolas N, et al. Rapid and accurate Bayesian diagnosis of heparin-induced
thrombocytopenia. Blood. 2020;135(14):1171-84.

White D, MacDonald S, Bull T, Hayman M, de Monteverde-Robb R, Sapsford
D, et al. Heparin resistance in COVID-19 patients in the intensive care unit. J
Thromb Thrombolysis. 2020. Online ahead of print. https://doi.org/10.1007/
$11239-020-02145-0.

. Young E, Podor TJ, Venner T, Hirsh J. Induction of the acute-phase reaction

increases heparin-binding proteins in plasma. Arterioscler Thromb Vasc Biol.
1997;17(8):1568-74.

Young E, Venner T, Ribau J, Shaughnessy S, Hirsh J, Podor TJ. The binding of
unfractionated heparin and low molecular weight heparin to thrombin-
activated human endothelial cells. Thromb Res. 1999;96(5):373-81.

. Finley A, Greenberg C. Review article: heparin sensitivity and resistance:

management during cardiopulmonary bypass. Anesth Analg. 2013;116(6):1210-22.

. Levine MN, Hirsh J, Gent M, Turpie AG, Cruickshank M, Weitz J, et al. A

randomized trial comparing activated thromboplastin time with heparin


https://doi.org/10.1056/NEJMc2013656
https://doi.org/10.1056/NEJMc2013656
https://doi.org/10.1111/jth.14867
https://doi.org/10.1111/jth.14893
https://doi.org/10.1515/cclm-2020-0130
https://doi.org/10.1515/cclm-2020-0130
https://doi.org/10.1111/jth.14969
https://doi.org/10.1111/jth.14969
https://doi.org/10.1007/s11239-020-02145-0
https://doi.org/10.1007/s11239-020-02145-0

Hardy et al. Thrombosis Journal

165.

167.

170.

171.

173.

(2020) 18:17

assay in patients with acute venous thromboembolism requiring large daily
doses of heparin. Arch Intern Med. 1994;154(1):49-56.

Hirsh J, Raschke R. Heparin and low-molecular-weight heparin: the seventh
ACCP conference on antithrombotic and thrombolytic therapy. Chest. 2004;
126(3 Suppl):1885-203S.

. Gruel Y, De Maistre E, Pouplard C, Mullier F, Susen S, Roullet S, et al.

Diagnosis and management of heparin-induced thrombocytopenia.
Anaesth Crit Care Pain Med. 2020;39(2):291-310.

Cuker A, Gimotty PA, Crowther MA, Warkentin TE. Predictive value of the
4Ts scoring system for heparin-induced thrombocytopenia: a systematic
review and meta-analysis. Blood. 2012;120(20):4160-7.

. Lo GK, Juhl D, Warkentin TE, Sigouin CS, Eichler P, Greinacher A. Evaluation

of pretest clinical score (4 T's) for the diagnosis of heparin-induced
thrombocytopenia in two clinical settings. J Thromb Haemost. 2006;4(4):
759-65.

. Crowther M, Cook D, Guyatt G, Zytaruk N, McDonald E, Williamson D, et al.

Heparin-induced thrombocytopenia in the critically ill: interpreting the 4Ts
test in a randomized trial. J Crit Care. 2014;29(3):470 e7-15.

Linkins LA, Bates SM, Lee AY, Heddle NM, Wang G, Warkentin TE.
Combination of 4Ts score and PF4/H-PaGIA for diagnosis and management
of heparin-induced thrombocytopenia: prospective cohort study. Blood.
2015;126(5):597-603.

Maier CL, Barker NA, Sniecinski RM. Falsely low fibrinogen levels in COVID-19
patients on direct thrombin inhibitors. Anesth Analg. 2020. Online ahead of
print. https://doi.org/10.1213/ANE.0000000000004949.

. Ranucci M. Fibrinogen Levels in COVID-19 Patients and Their Measure

Under Direct Thrombin Inhibitors. Anesth Analg. 2020. Online ahead of
print. https://doi.org/10.1213/ANE.0000000000004950.
Stang LJ, Mitchell LG. Fibrinogen. Methods Mol Biol. 2013;992:181-92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1213/ANE.0000000000004949
https://doi.org/10.1213/ANE.0000000000004950

	Abstract
	Introduction
	Hemostasis assessment in the laboratory
	Limitations of measurement of the plasma concentration of D-dimers
	Laboratory investigation of fibrinolysis
	Viscoelastic tests
	Thrombin generation assay

	Anticoagulation - laboratory monitoring
	Choice of anticoagulant
	Laboratory monitoring of unfractionated heparin treatment
	Diagnosis of heparin-induced thrombocytopenia (HIT)

	Conclusion
	Acknowledgements
	Ethical approval and consent to participate
	Availability of supporting data
	Authors’ contributions
	Funding
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

