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Abstract: Anticoagulant drugs (i.e., unfractionated heparin, low-molecular-weight heparins, vitamin
K antagonists, and direct oral anticoagulants) are widely employed in preventing and treating venous
thromboembolism (VTE), in preventing arterial thromboembolism in nonvalvular atrial fibrillation
(NVAF), and in treating acute coronary diseases early. In certain situations, such as bleeding, urgent
invasive procedures, and surgical settings, the evaluation of anticoagulant levels and the monitoring
of reversal therapy appear essential. Standard coagulation tests (i.e., activated partial thromboplastin
time (aPTT) and prothrombin time (PT)) can be normal, and the turnaround time can be long.
While the role of viscoelastic hemostatic assays (VHAs), such as rotational thromboelastometry
(ROTEM), has successfully increased over the years in the management of bleeding and thrombotic
complications, its usefulness in detecting anticoagulants and their reversal still appears unclear.

Keywords: bleeding; thromboembolic events; thromboprophylaxis; oral anticoagulants; heparins;
rotational thromboelastometry

1. Introduction

Anticoagulant drugs are recommended for prophylaxis against venous thromboem-
bolism (VTE) in high-risk patients and for the treatment of VTE [1,2]. They are also indicated
for other medical conditions including nonvalvular atrial fibrillation (NVAF) and early
treatment of patients with acute myocardial infarction and unstable angina [3]. Moreover,
they are used to prevent clotting during dialysis and clinical procedures [3].

In certain circumstances, such as in patients presenting traumatic injuries with severe
bleeding or when immediate invasive or surgical interventions are required, to assess the
level of anticoagulation and monitoring, reversal therapy may be essential.

During vitamin K antagonist (VKA) treatment, standard coagulation tests (i.e., pro-
thrombin time (PT)) provide information on the level of anticoagulation [4]; however, in
urgent clinical scenarios, the turnaround time can be long.
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Heparin treatment is usually monitored by activated partial thromboplastin time (aPTT);
however, the responsiveness of the laboratory reagents used in aPTT tests can vary widely [5].

LMWHs prolong the aPTT with a degree dependent on reagent sensitivity and plasma
concentration [6]; the chromogenic antifactor Xa (FXa) assay is the only one available for
their monitoring [7].

In regard to treatment with direct oral anticoagulants (DOACs), although they do not
require laboratory monitoring, recent guidelines on the management of major bleeding following
trauma have suggested the measurement of calibrated anti-FXa activity in patients treated with
oral direct anti-FXa agents and the estimation of dabigatran plasma levels using diluted thrombin
time [8]; however, in urgent conditions, the availability of these specific assays may be limited.

In clinical practice, the need for accurate and prompt coagulation information has created
an interest in viscoelastic tests (VETs). Rotational thromboelastometry (ROTEM, Tem Innova-
tions, Munich, Germany) is a global hemostasis assay based on the viscoelastic properties of
blood capable of assessing coagulation function, platelets, and fibrinogen contribution to clot
formation and fibrinolytic components [9-11]. This device has been utilized in trauma and
surgical and critical care as an adjunct to conventional coagulation tests to guide resuscitation
and transfusion strategies and to improve patient outcomes [12]. In addition, it has been used
in the diagnosis of bleeding conditions due to quantitative and qualitative as well as hereditary
and acquired fibrinogen disorders [13]. Furthermore, the turnaround time for results of ROTEM
has been shown to be significantly shorter than those of conventional laboratory tests [14].

To date, the role of a ROTEM device for coagulation monitoring in anticoagulated
patients is unclear. The purpose of this narrative review is to analyze the literature on
the ability of ROTEM to detect different anticoagulant drugs and to monitor their effects
and reversal when an invasive procedure or urgent surgery would be more efficiently and
safely dealt with due to a rapid evaluation of the coagulation system.

The mean characteristics of anticoagulant drugs considered in the present review are
shown in Table 1.

Table 1. The main characteristics of anticoagulant drugs and their laboratory monitoring.

- S Route of Half-Life Standard Specific
Type of Drug Clinical Indications Administration Target Peak Onset Elimination Coagulation Tests ~ Coagulation Tests
VTE (prophylaxis and Subcutaneous or aPTT .
UFH therapy) intravenots Factor ITa and Xa 2-4h 1-2h ACT Anti-FXa assay
Factor Xa
. (Factor Ila)
LMWH VTE (prophylaxis Subcutaneous (molecular 3-5h 4-5h None Anti-FXa assay
and therapy) -
weight
dependent)
Fondaparinux VTE (prophylaxis Subcutaneous Factor Xa 2h 15-17h None Anti-FXa assay
and therapy)
. PT
Argatroban HIT Intravenous Factor Ila 1-3h 45 min aPTT ECT
R . PT
Bivalirudin PCI Intravenous Factor Ila 12h 25 min aPTT ECT
VKA NVAF, AHV, VTE Oral Factors g VILIX,  3640h 5-7 days 11313111 None
Dabigatran NVAF, VTE Oral Factor Ila 2h 14-17 h PTt dTT, ECT
& ' ra aPTT 11 '
. PT 11 Anti-FXa assa
E VT — _ y
Rivaroxaban NVAEF, VTE Oral Factor Xa 2-4h 7-11h aPTT + calibrated
. PT (1) Anti-FXa assa
Apixab y
pixaban NVAE VTE Oral Factor Xa 14h 12h aPTT (1) calibrated
PT (1) Anti-FXa assa
'AF, VTE _ — y
Edoxaban NVAE, Oral Factor Xa 1-2h 10-14 h aPTT 1 calibrated

Legend: ACT: activated clotting time; AHV: artificial heart valves; anti-FXa: anti-factor X activated; aPTT:
activated partial thromboplastin time; dTT: diluted thrombin time; ECT: ecarin clotting time; HIT: heparin-
induced thrombocytopenia; INR: international normalized ratio; LMWH: low-molecular-weight heparin; NVAF:
nonvalvular atrial fibrillation; PCI: percutaneous coronary intervention; PT: prothrombin time; UFH: unfrac-
tionated heparin; VKA: vitamin K antagonist; VTE: venous thromboembolism; (1): normal or slightly increased;
1 increased; 11: moderately increased.
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2. ROTEM Device

The ROTEM system is a whole blood viscoelastic hemostasis analyzer that evolved
from the original thromboelastography (TEG) system introduced by Hellmut Hartert in
1948 [15]. It is based on the concept of the “shear modulus,” a measure of the clot that
represents the tendency to deform due to the action of opposing forces.

In ROTEM a blood sample is injected in a cylindrical sample cup fixed in a temperature-
adjusted metal cup holder and in an attached disposable pin which moves through an
angle of 4.75° every 5 s. As long as the coagulation process continues, the device detects
the variation of clot strength between the pin and the cup wall.

The ROTEM system includes the semiautomated ROTEM delta that works with a
computer-driven automated pipette and provides four independent channels for VET and
the new-version ROTEM sigma that is a cartridge-based fully automated closed thromboe-
lastometry system. The recent sigma model [16] has several advantages compared with the
older delta, such as minimizing the manipulation of the blood sample and obviating the
need for semiautomated pipetting.

ROTEM explores the coagulation pathway using citrated whole blood (300 pL per
assay), which is recalcified and activated by tissue factor (TF) (extrinsic pathway), ellagic
acid (intrinsic pathway), or ecarin (direct prothrombin activation). Recalcifying the citrated
whole blood in the cup, with the addition of activators, determines the formation of clot
strands between the pin and the cup wall, which impairs the pin rotation. These changes in
pin movement are detected by a LED light-mirror-light detector system, and the signal is
processed and transformed into a thromboelastometric curve (temogram). The parameters
obtained in ROTEM and their meaning are shown in Figure 1.

CFT
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ROTEM parameter

CFT - clot formation time
(clot amplification)

Time to reach 2 mm amplitude Period from the beginning of the clotting to the
start of fibrinogen polymerization
Time between 2 and 20 mm amplitude Estimation of velocity of the clot formation

A - alpha angle (clot Angle formed by tangent line from baseline Same meaning as CFT
amplification) to 20 mm
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Figure 1. ROTEM parameters and their significance.
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In both ROTEM versions (delta and sigma), extrinsically activated assays (EXTEM,
FIBTEM, and APTEM) and intrinsically activated assays (INTEM and HEPTEM) are avail-
able; ecarin-activated assay (ECATEM) and two nonactivated assays (NATEM and NA-
HEPTEM) are disposable in the delta version as optional assays. EXTEM assay uses TF as
an activator and is analogous to PT. INTEM is similar to aPTT and uses phospholipid and
ellagic acid as activators. FIBTEM uses in addition to the EXTEM reagent a platelet inhibitor
(cytochalasin D) that blocks the platelet contribution to clot formation, leaving the fibrin
contribution to clot firmness. APTEM uses in addition to the EXTEM reagent aprotinin to
inhibit fibrinolytic proteins; normalization of lysis parameters in APTEM compared with
EXTEM or FIBTEM suggests the presence of hyperfibrinolysis. All extrinsically activated
ROTEM assays (EXTEM, FIBTEM, and APTEM) contain polybrene to neutralize up to
5 IU/mL unfractionated heparin. HEPTEM assay is virtually identical to INTEM assay, but
with the addition of heparinase to neutralize up to 7 IU/mL unfractionated heparin [11].
ECATEM is an assay that uses ecarin to initiate the coagulation cascade at the step of
thrombin generation. Ecarin is a prothrombin activator derived from the venom of the
saw-scaled viper Echis carinatus. ECATEM is sensitive for direct thrombin inhibitors (e.g.,
argatroban, bivalirudin, dabigatran), but it is not sensitive to heparin [17,18]. Instead, the
native thromboelastometric test (NATEM), a nonactivated assay, is used to assess whole
blood clot formation without the addition of coagulant activators other than recalcifica-
tion and spontaneous contact activation. The NATEM mode enables measurement under
near-physiological conditions. The test is increasingly used as a sensitive tool for the
evaluation of the endogenous activation of hemostasis [19,20]. It is longer than activated
tests but is very sensitive to any endogenous activator, such as TF expression on circu-
lating monocytes in infection, liver cirrhosis, or malignancies [21-23], and to subsequent
thrombin generation. However, only small data exist about stability and reproducibility
over time. Meesters et al. [24] described a time-dependent effect on NATEM clotting time
(CT) and clot formation time (CFT) after 90 min of blood storage and recommends analysis
at a standardized time point, preferably directly after withdrawal of citrated blood. By
adding heparinase to this, creating the native thromboelastometric (NA-HEPTEM) assay
that contains heparinase in addition to CaCl, that eliminates up to 7 IU/mL heparin, it is
possible to abolish a potential heparin effect.

Finally, a modified ROTEM test, called PiCT (prothrombinase-induced clotting time,
Pentapharm, Basel, Switzerland)-ROTEM test, is a clotting assay sensitive to FXa and
factor Ila (FIIa) inhibitors; it is based on the addition of FXa and snake venom RVV-V
(Russell’s viper venom factor V activator) specifically activating factor V and phospholipids
to platelet-poor plasma [25]. It has been demonstrated that the PiCT reagent allows the
determination of FXa inhibition in plasma [26].

3. Parenteral Anticoagulation
3.1. Unfractionated Heparin

Unfractionated heparin (UFH) consists of a heterogeneous glycosaminoglycan mixture
with a mean molecular weight (MW) of 15 kilodaltons (kDa), ranging from 3 to 30 kDa.
Heparin binds to antithrombin, resulting in a conformational change in the latter. The
heparin antithrombin complex inactivates FXa, a key enzyme present at the beginning of
the common pathway of the coagulation cascade. Additionally, heparin simultaneously
binds to thrombin with an inhibitory effect on this enzyme. Heparin has an equivalent
anti-FXa and anti-Flla activity (ratio close to 1) [27].

Several tests are available to monitor UFH therapy, including whole blood activated
clotting time (ACT), aPTT, and plasma heparin concentration measured by anti-FXa activity.

The aPTT is the most widely used test to determine the degree of anticoagulation
with UFH both when usual therapeutic doses are used and after reversal with protamine.
However, apart from all the difficulties regarding standardization of the test and the
influence of lupus anticoagulant and various coagulation factor deficiencies, the weak
correlation between UFH levels and aPTT has been demonstrated [28]. Furthermore, in
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patients with so-called heparin resistance, false-low aPTT values (despite adequate anti-FXa
activity) may trigger UFH dose escalations, thus increasing the risk for bleeding [29].

Anti-FXa chromogenic substrate assays [29] may provide a better and more reliable
anticoagulation monitoring of UFH, although it may cause an unavoidable delay between
the blood sampling and the completion of the laboratory report. Furthermore, they are
not equivalent to all, and they result in increased cost due to the need for specialized
instrumentation for test and quality control samples [30].

Regarding point-of-care devices, measurement of the ACT was first described by
Hattersley [31] and later implemented clinically by Bull and colleagues [32]; it has become
the gold standard for anticoagulation management during cardiopulmonary bypass (CPB).
However, it remains controversial whether ACT itself is a valid measure of heparin antico-
agulation because of multiple clinical factors that affect results (e.g., hemodilution, excess
of protamine, low platelet numbers, and low fibrinogen levels) [33]. Furthermore, in [34]
ACT values appeared not to be a sensitive indicator of low heparin concentrations present
during CPB after reversal with protamine.

In clinical settings, ROTEM have been reported as a technique for monitoring hep-
arinized patients during CPB [35,36] and in critically ill patients undergoing UFH anticoag-
ulation [37,38]. Ortmann et al. [35] demonstrated that a ROTEM device can be used during
CPB to assess a coagulation system. Gronchi et al. [36] in a prospective observational study—
in 20 patients undergoing coronary artery bypass grafting—validated EXTEM and HEPTEM
assays; the authors demonstrated that the administration of heparin 300 IU/kg (very high
concentration) induced a significant change in all EXTEM and HEPTEM parameters except
for MCF and that all parameters remained stable after the protamine administration.

Moreover, for what concerns the correlation between laboratory measurements and
ROTEM parameters during CPB, Ortmann et al. [35] reported a good correlation of INTEM
clotting time (CT) with aPTT measurement (r = 0.65, 95% CI 0.45-0.78) and a moderate
correlation for EXTEM-CT and INR from the laboratory (r = 0.58, 95% CI 0.36-0.73). Similar
results were found in an observational study in ICU patients [37]; the authors demonstrated
a significant correlation between aPTT and the changes of ROTEM-CT with heparin dose or
heparin infusion rate, but no correlation between clot formation time (CFT) and maximum
clot firmness (MCF) and heparin dose or infusion rate. On the contrary, Prakash et al. [38],
in 20 critically ill patients treated with extracorporeal membrane oxygenation (ECMO),
demonstrated a weak correlation between INTEM-CT and aPTT results during UFH an-
ticoagulation (r = 0.31, p < 0.001, 95% CI (0.17, 0.43)) and no correlation between aPTT
and INTEM-CEFT (r = 0.06, p = 0.04, 95% CI (—0.19, 0.08)). INTEM-CT and ACT were
less sensitive than aPTT to UFH therapy. Despite achieving therapeutic aPTT targets, the
majority (>50%) of INTEM-CT results were within normal limits; INTEM-CT was affected
only by high heparin infusion rates. However, this study presented the same limitations:
the HEPTEM assay was not performed, limiting the evaluation of the specific effect of
heparin on INTEM-CT; moreover, INTEM-CT was compared with aPTT, which is itself
profoundly affected by various disturbances in coagulation (e.g., hemodilution, acquired
Von Willebrand disease) [39,40] induced by extracorporeal circuit.

Different studies demonstrated that aPTT and ACT are not correlated with the pres-
ence of heparin in the plasma during extracorporeal support [41-43]. On the contrary,
other studies showed a good correlation between INTEM /HEPTEM CT ratio and heparin
values > 0.1 IU/mL [44-46]. Particularly, Mittermayr et al. [45] demonstrated that the
INTEM/HEPTEM CT ratio correctly identified 56 of the 58 samples as not containing
residual heparin and correctly detected residual heparin in 3 of the only 6 samples showing
elevated anti-FXa values (>0.1 IU/mL) after CPB.

Ichikawa et al. [44] demonstrated that INTEM/HEPTEM CT ratio correlated well
with heparin concentration after weaning from CPB and heparin reversal by protamine
(r =0.72), whereas aPTT (r = 0.36) and ACT (r = 0.12) did not.

Recently, Hanke et al. [47] found in an in vitro study that ROTEM enables the detec-
tion of the effects of heparin and protamine on coagulation. In this study, the CT was
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significantly prolonged in INTEM (p < 0.0001), but not in HEPTEM, whereas overdosage
of protamine determined an increase in the CT in both tests INTEM and HEPTEM); the
authors suggested that calculating the INTEM /HEPTEM CT ratio, which increases with
heparin excess but remains at 1 with protamine excess, it can distinguish impairment of
coagulation caused by heparin or protamine.

Furthermore, Schaden et al. [48] showed in an in vitro study a linear correlation
between UFH levels and CT in the PiCT-ROTEM assay with an excellent correlation
(Spearman’s rank correlation coefficient = 0.92, p < 0.01).

In conclusion, from analysis of the literature, ROTEM might be useful in detecting
heparin with high sensitivity and in excluding residual heparin after CPB in cases showing
prolonged ACT or increased bleeding after protamine administration. In particular, the
INTEM/HEPTEM CT ratio appears to be a good predictor of heparin rebound, superior to
ACT and aPTT values.

3.2. Low-Molecular-Weight Heparins

Low-molecular-weight heparins (LMWHs) are a class of drugs derived from UFH.
Each LMWH has its own spectrum of biochemical properties, determined by the character-
istics of the parent UFH and by the effects of the cleavage process on the structures and
functions of the low-molecular-weight fragments [26,49]. The variation in the anticoagulant
potency of LMWHSs depends on different inhibition degrees of the coagulation FXa and
Flla. LMWHSs, such as enoxaparin (mean MW of 4.5 kDa) and dalteparin (mean MW of
5 kDa), have, to varying degrees, relatively greater anti-FXa activity than antithrombin
activity; heparin molecules of MW less than 5.4 kDa are capable of catalyzing only FXa
inactivation [50].

Due to the more predictable pharmacokinetic and pharmacodynamic proprieties than
UFH, LMWHs are widely used in clinical practice. A peak therapeutic effect with LMWH
occurs 3 to 5 h after administration, with half-lives of 4 to 5 h [51]. Both renal failure and
advancing age are known to prolong its half-life and delay elimination [52].

A major advantage of LMWHs is that they do not require monitoring during the
therapy; however, in the specific clinical settings in whom pharmacokinetics may be altered
by both comorbid conditions and severity of illness [53,54], in surgical scenarios where the
bleeding risk requires evaluation of anticoagulant intensity [55], or in the perioperative
management of hypofibrinogenemic patients in which clinicians should take into account
both the bleeding and thrombotic risk, monitoring may be required to avoid over- or
underanticoagulation [56].

The aPTT is not useful in monitoring LMWH because the anticoagulant effect is
produced mainly through the inhibition of FXa, and the prolongation of the aPTT is largely
dependent on low thrombin activity [57,58].

The anti-FXa assay method using a chromogenic substrate is currently the gold stan-
dard for monitoring LMWH therapy [7]. However, in many hospitals this laboratory
test is not available, and when available, the turnaround can be long. Furthermore, the
clinical application appears uncertain [59]. Some studies have demonstrated a poor corre-
lation between anti-FXa activity and anticoagulant effects of LMWHs [54,60]; this could
depend on the poor comparability between commercially available anti-FXa chromogenic
assays [61], the timing of blood sampling because the plasma concentration is not constant
during the period of two injections [62], and the different pharmacodynamic pattern of
LMWHs [63]. Furthermore, in patients with antiphospholipid syndrome, the presence of
antiphospholipid antibodies has been shown to falsely raise anti-FXa levels due to a direct
inhibition of specific FXa activity in a chromogenic assay [64]; in addiction, due to cytokine
release syndrome or propofol use, many critically ill patients also develop hypertriglyc-
eridemia, which has also been shown to falsely increase anti-FXa levels [65]. Moreover,
the determination of anti-FXa levels is only validated for values higher than 0.1 U/mL;
concentrations below this limit are not specified [66]. Measurement of anti-FXa activity
in plasma represents only one aspect of LMWH’s activity. Dosage of anti-FXa activity is
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performed in platelet-poor plasma (PPP). However, platelet factor 4 released from activated
platelets partially neutralizes the anticoagulant activity of LMWHs, although to a lesser
extent when compared with UFH [67]; this leads to partial inhibition assays of LMWHSs’
antithrombotic activity [68].

The ROTEM system could reflect the antithrombotic efficacy of heparins or even pre-
dict the bleeding risk. In the literature, various studies have been conducted to evaluate the
usefulness of a ROTEM device in the detection of parenteral anticoagulant drugs (Table S1
in Supplementary Materials) [69-84]. One study [69] evaluated in vitro whether two
types of LMWH, enoxaparin and tinzaparin, added in different concentrations, had dose-
dependent effects on INTEM-CT. The authors found that the ROTEM-CT was prolonged by
LMWH at 0.5, 1.0, and 1.5 anti-FXa IU/mL concentrations in a significant dose-dependent
manner. Furthermore, equivalent doses of tinzaparin prolonged CT more than enoxaparin
(p < 0.05). Probably, this result could be explained by the fact that tinzaparin with a mean
of MW 6.8 kDa is more similar to UFH and inhibits FXa only twice as strongly as Flla [70];
notably, there is also evidence that UFH and LMWH with larger MW (>2 kDa) exert an
anticoagulant effect through plasma TF pathway inhibitor [71]. Similarly, Feuring et al. [72],
using EXTEM and INTEM reagents, demonstrated a dose-dependent prolongation of CT
and CFT with 1 or 10 pg/mL dalteparin, corresponding to an anti-FXa activity of 100 and
1000 IU, respectively. This in vitro study revealed that the ROTEM device was able to detect
anticoagulant activities of dalteparin only at considerably increased anti-FXa levels, which
are well beyond therapeutic levels. In the same line, in women with thrombophilia receiv-
ing LMWH at the prophylactic dose, the use of ROTEM revealed unchanged mean CTs
for INTEM and EXTEM assays before and during each trimester of pregnancy. However,
the authors assumed that the lack of changes in CFT in the presence of hypercoagulability
during pregnancy may reflect the influence of LMWH on coagulation [73].

The impact of LMWH dosage on ROTEM assays has been demonstrated by other stud-
ies [74-76]. Cvirn et al. [74] showed that the addition of nadroparin or enoxaparin (0-1.0 anti-FXa
IU/mL) determined a dose-dependent prolongation of CT and CFT and a dose-dependent
reduction in MCF and « angle. Notably, Jilma-Stohlawetz et al. [75] found an increase in CT by
70%, and CFT doubled at a concentration of 0.2 IU/mL enoxaparin; moreover, a concentration
of 0.4 IU/mL prolonged the CT by 140% and CFT by 130% (p < 0.01).

On the other hand, Christensen et al. [76] found a longer INTEM-CT on the first post-
operative day in patients undergoing video-assisted thoracoscopic surgery and receiving
dalteparin at the thromboprophylaxis level (5000 IU once daily) compared with patients
without dalteparin INTEM-CT 167 (19) vs. 156 (14), p = 0.01), but no differences in the
coagulation profile. Notably, in 46 pregnant women with a history of unprovoked or
estrogen-associated VTE, Stanciakova et al. [77] prospectively observed a prolongation of
EXTEM-CT at the 16th—17th week of pregnancy caused by the onset of the effect of LMWH
after its repetitive administration in the course of pregnancy; after adjustment of LMWH
at the 26th-28th week, EXTEM-CT at the 35th-36th week was prolonged, probably due
to the effect of the increased dose of LMWH. Moreover, based on the ROTEM results that
showed a shortening of INTEM-CT during pregnancy and a decrease in HEPTEM-CT at
the 26th—28 week, the authors recommended an increase in LMWH dose mostly at the 26th—
28th week of the pregnancy. Therefore, they concluded that ROTEM can be a useful tool
for the individualized optimization of thromboprophylaxis in high-risk pregnant patients.

Regarding the effects of LMWHSs on clot stability, Thomas et al. [69] reported that both
enoxaparin and tinzaparin treatment had no effect on MCF; the authors observed no signif-
icant correlation between the concentration of LMWH and clot strength (MCF and CFT).
These results were in contrast with a previous in vitro study conducted by Feuring et al. [72],
in which ROTEM-MCF was affected by supratherapeutic levels of dalteparin, although
not therapeutic levels. Notably, MCF is not influenced by the inhibition of the coagulation
process induced by LMWH but is mainly affected by fibrinogen concentration, platelet
number, and platelet contractile forces [78,79]. In the same line, Gerotziafas et al. [80] found
that therapeutic doses of enoxaparin affected thromboelastography maximum amplitude
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(TEG-MA) (it corresponds to ROTEM-MCEF) in healthy volunteers. LMWH prevents clot
initiation but not propagation or firmness; this does not necessarily mean that LMWH
does not affect clot propagation in vivo, since both the above-mentioned studies are ex
vivo [72,80] in which the authors used monitoring of coagulation in a stagnant container
that can contribute to the cell-mediated positive-feedback loops that maintain propagation.

The kinetics of clot formation is strongly influenced by the initial trigger of coagula-
tion (i.e., activation of TF pathway or intrinsic pathway) and by the concentration of TF.
Sorensen et al. [81] introduced a thromboelastometric test modification using a low concen-
tration of TF in order to enhance the sensitivity for hemostatic defects. Low-concentration
TF, as a trigger of blood coagulation, has been an effective physiological stimulus [82].
Notably, low-TF activated ROTEM has been demonstrated to be sensitive for the detection
of enoxaparin [83]. In patients undergoing carotid angioplasty receiving postoperative
nadroparin at the prophylactic dose, minimal TF-triggered whole blood thromboelastogram
resulted in significant longer CT and CFT and lower o angle compared with either INTEM
or EXTEM assay. Moreover, prolongation of CFT of a low-TF activated ROTEM was signifi-
cantly correlated to the levels of anti-FXa activity (p = 0.04; r* = 0.7). Conversely, nadroparin
had no effect on MCF, assessed by either low-TF activated ROTEM or INTEM assay.

Recently, Orlander et al. [84], using citrated whole blood from 15 critically ill patients to
which different concentrations of enoxaparin had been added in vitro, found a prolongation
of ROTEM-CT and CFT in both NATEM and INTEM with increasing in enoxaparin between
0.4 and 0.6 IU/mL anti-FXa concentration. Moreover, the NATEM /HEPTEM-CT ratio
seems to be very sensitive to LMWH doses.

An in vitro experiment [66] evaluated enoxaparin determination in whole blood with
ROTEM using specific test modifications, including prothrombinase-induced clotting time
(PiCT), low-TF activation, and heparinase-dependent tests. This study demonstrated a
strong correlation between enoxaparin anti-FXa concentrations and PiCT-ROTEM (p < 0.01)
and Low-TF-ROTEM (p < 0.01). Notably, the CT in PiCT-ROTEM showed a very high
correlation to anti-FXa concentrations, particularly in the low-concentration range. Practical
test performance of PiCT-ROTEM was more convenient that the Low-TF- ROTEM.

In conclusion, there is currently a paucity of data to recommend a standardized protocol
for the use of ROTEM in LMWH therapy monitoring. However, since the inhibition of the
thrombus formation process exerted by LMWH depends on the initial stimulus of blood
coagulation (i.e., intrinsic or TF pathway activation) and on the concentration of TF, assay
conditions that are closer to the physiology, such as a minimal TF-triggered whole blood
ROTEM, have been proved to better reveal the anticoagulant effect of LMWH. Furthermore,
the introduction of other reagent-supported tests, such as the PiCT-ROTEM test modification,
could permit rapid and adequate LMWH dose adjustments and identify optimal cut-off
values to initiate hemostatic interventions in critically ill and bleeding patients.

At present, most studies have been conducted in vitro with the use of citrated blood;
they do not necessarily reflect in vivo hemostasis and the real effect of in vivo administered
LMWH thromboprophylactic doses. It would be interesting in future studies to use fresh
whole blood for monitoring LMWHSs in vivo with the start of ROTEM analysis very quickly
after sampling. Therefore, further development of specific test reagents and validation
studies are necessary to optimize the ROTEM device in detecting LMWH doses.

3.3. Fondaparinux

Fondaparinux, an injectable selective FXa inhibitor, is a synthetic pentasaccharide that
binds to the activation site of antithrombin, thereby increasing its activity towards FXa
inactivation 300-folds [7]. It is used for thromboprophylaxis in medical and orthopedic
patients for the treatment of VTE and for non-ST elevation acute coronary syndromes as
indicated by an OASIS-5 study [85].

The drug has high bioavailability (about 100%) with an elimination half-life of 15 to
17 h. Since it is not metabolized and excreted through the kidney, a fondaparinux dose
needs to be adjusted in patients with renal failure [86].
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Although, based on the structure of heparin, fondaparinux is different from both
UFH and LMWH], it has no effect on PT and it has a weak effect on aPTT whose degree
of prolongation depends on reagent sensitivity and plasma drug concentrations [6,87].
Usually, laboratory monitoring is based on a measure of anti-FXa levels evaluated 3 h
after injection [6]; however, during fondaparinux reversal, anti-FXa levels do not change
regardless of the chosen reversal agent, whether it is prothrombin complex concentrate
(PCC) or recombinant activated factor VII (rFVIIa) [88]. The thrombin generation test
(TGT) is probably superior to traditional coagulation tests [89], but because of its technical
complexity, it has not become widespread in routine use. Therefore, all previous tests are
not adequate to monitor the anticoagulant effects of fondaparinux.

To overcome these obstacles, clinicians hypothesized the use of the VETs for fonda-
parinux anticoagulant activity monitoring. Unfortunately, only limited data are available
in the literature regarding the effects of fondaparinux on ROTEM parameters in human
blood [90]. Eller et al. [90], using blood samples from healthy volunteers that were spiked
in vitro with therapeutic and supratherapeutic concentrations of fondaparinux, found that
supratherapeutic concentrations significantly affected INTEM-CT without any significant
modification of clot formation in the EXTEM assay. No influence on therapeutic concen-
trations was observed. Consistent with these observations was a study performed by
Godier et al. [91] in anesthetized rabbits with thrombosis induced by an injury on the
carotid artery treated with fondaparinux 3 mg/kg (a selected dose to induce bleeding) or
saline solution (control group). The authors found that only INTEM coagulation parameters
were modified. CT was 2-fold increased and CFT 10-fold increased as compared with the
control group. Fondaparinux also slightly, but not significantly, decreased the amplitude
at 15 min (A15), MCEF, and o angle; it modified none of the EXTEM or FIBTEM param-
eters. Moreover, the authors demonstrated that PCC corrected the INTEM parameters;
CT and CFT were shortened, whereas A15 and « angle were increased by 50% and 40%,
respectively, compared with fondaparinux.

In conclusion, based on small literature data, ROTEM analysis focuses on the presence
of supratherapeutic concentrations of fondaparinux, but not on therapeutic or prophylactic
doses. Moreover, the VET could be useful to monitor its reversal. Further human studies
are needed to confirm these limited results.

3.4. Direct Thrombin Inhibitors (Argatroban and Bivalirudin)

Argatroban is a parenteral direct thrombin inhibitor approved for alternative an-
ticoagulation of patients with proven or suspected heparin-induced thrombocytopenia
(HIT) [92,93]. It reaches its steady-state plasma levels 1-3 h after the start of intravenous
administration [94]; it is primarily metabolized in the liver, and its half-life is 45 min [95].

aPTT is recommended for routine use, but very low doses often result in prolonged
aPTT, and the correlation between aPTT values and plasma argatroban concentration is
poor [96-100]. In the high-dose range, ecarin clotting time (ECT) has been proposed [101];
however, this test is only available in specialized hospitals.

The ability of ROTEM to monitor argatroban has been reported with conflicting results
in relation to argatroban concentrations [102,103]. Engstrom et al. [102] found a significant
and strong correlation between argatroban concentrations and INTEM-CT in ex vivo spikes
of blood of healthy volunteers (r = 0.98, p < 0.0001). They found a strong correlation
between aPTT value and INTEM-CT (r = 0.97, p < 0001), especially in the clinically relevant
therapeutic range up to 100 sec of aPTT prolongation. Furthermore, INTEM-CT seemed
not to be sensitive enough to detect argatroban at low doses. On the other hand, in an
in vitro study, Schaden et al. [103] demonstrated a strong correlation between argatroban
concentration and ecarin-modified thromboelastometry (ECATEM)- CT (p < 0.01, r = 0.94)
and a moderate correlation with CFT (r = 0.76, p < 0.01) and « (r = —0.74, p < 0.01),
respectively. In this experiment, ECATEM-CT was significantly correlated to argatroban
concentration, also at low levels.
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Other studies found an impact of argatroban on the ROTEM parameters. Eller et al. [90]
reported a significant prolongation not only in INTEM-CT (p < 0.05) but also in EXTEM-
CT (p < 0.05) after argatroban administration in different concentrations (from 0.75 to
2.25 pg/mlL).

It remains unclear whether lower argatroban concentrations might be detected with
INTEM-CT or EXTEM-CT. Beiderlinden et al. [104] confirmed a significant correlation
between INTEM-CT and EXTEM-CT with low argatroban plasma concentration. However,
the strength of these correlations was only moderate.

Bivalirudin, another parenteral direct thrombin inhibitor, differs from argatroban with
respect to the route of elimination. It is predominantly excreted by a nonorgan mechanism
(proteolysis), with only a minor (20%) component of renal clearance. In addition, the
half-life of bivalirudin is shorter than that of argatroban (25 min) [105].

This anticoagulant is approved for use for acute coronary events by the US Food and
Drug Administration [105]; it is also employed off-label in the setting of extracorporeal
support. ACT and aPTT are used for coagulation monitoring during infusion; they rise in a
linear fashion with increasing dose [106].

In the literature, a recent study [107] compared ROTEM analysis with plasma-based
coagulation assayed to monitor bivalirudin anticoagulation in the setting of pediatric
extracorporeal support. The authors found a moderate correlation between INTEM-CT
and aPTT results (r = 0.54, p < 0.0001) and a strong correlation between aPTT Hepzyme
and HEPTEM-CT (r = 0.68, p < 0.0001). Therefore, ROTEM analysis appeared to be a valid
alternative to laboratory assays.

In conclusion, from the limited literature data, it emerges that a ROTEM device should
be considered as an option for monitoring the anticoagulant effects of argatroban, even if
laboratory test (i.e., ECT) remains the gold standard.

Further prospective studies are needed to identify the full utility of ROTEM as a single
device for argatroban and bivalirudin monitoring in cardiological and extracorporeal settings.

4. Oral Anticoagulation: Antivitamin K Antagonists (VKAs) and Direct Oral
Anticoagulants (DOACs)

Oral anticoagulants, such as VKAs and DOAC:s, are widely used in the prevention
of stroke in patients with NVAF [108,109] or mechanical heart valves, as well as in the
treatment of VTE [110,111]. Recently, DOACs have been introduced in thromboprophylaxis
for patients undergoing orthopedic surgery [112].

VKAs have been the most widespread anticoagulant in the last 60 years [110], and the
introduction of DOACs in the past decade has added complexity to the management of
periprocedural anticoagulation in urgent clinical scenarios.

4.1. Antivitamin K Antagonists (VKAs)

Warfarin is the most prescribed VKA [113]. It is an anticoagulant that decreases
the activity of the vitamin K-dependent procoagulant factors II, VII, IX, X and of the
anticoagulant proteins C, S, and Z [113]. It has a half-life of 36 to 42 h [114]. Warfarin
is employed more frequently than acenocoumarol because of its longer half-life, which
theoretically provides more stable anticoagulation, avoiding factor VII fluctuations that
potentially occur during acenocoumarol treatment (half-life of 10 h) [115].

The anticoagulant effect of warfarin is commonly monitored with PT, expressed as
the PT-INR (international normalized ratio) to standardize laboratory results. Two types
of PT tests are currently in use: Quick-type PT, which is sensitive to factors VII, V, X, and
prothrombin (factor II) and fibrinogen deficiencies, and Owren PT, which is only sensitive
to vitamin K-dependent factors VII, X, and prothrombin. Owren PT is mainly used in
Nordic countries, Benelux, and Japan, whereas Quick PT is extensively used in the rest of
the world [116]. The international normalized ratio (INR) based on either of the two PT
variants leads to similar results [117].
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Due to a low therapeutic index, the risk of bleeding rises with increasing intensity of
anticoagulation, as evaluated by INR [118].

4.1.1. ROTEM Monitoring in VKA Therapy

In the literature, several studies have considered the use of ROTEM in the manage-
ment of VKA anticoagulated patients [119-127] (Table S2 in Supplementary Materials).
Schmidt et al. [119] demonstrated in warfarin-treated patients that EXTEM-CT has high
sensitivity and specificity to detect elevated Owren PT-INR (>1.2). They found EXTEM-CT
to be superior to INTEM-CT. At a cut-off of 75 s for EXTEM-CT, sensitivity to detect Owren
PT-INR > 1.2 was 0.89, and specificity was 1.0. Moreover, the same authors in another
study [120] observed an excellent correlation between a prolonged lagtime of thrombin
generation (r = 0.87), just as INR, and EXTEM-CT prolongation in 84 warfarin-treated
patients with primary or recurrent VTE. Similar results were found by Nilsson et al. [121],
who demonstrated a correlation between EXTEM-CT and FIBTEM-CT with PT-INR Owren
(R 0.66, p < 0.001). In contrast, Gudmundsdottir et al. [122] showed only a moderate
correlation between Owen’s PT-INR and ROTEM-CT (r = 0.27, NS). Probably, evaluating
the influence of vitamin K-dependent coagulation factors (i.e., factors II, VII, and X) using
ROTEM, the poor correlation could reflect a discrepancy between the selective reduction in
factor VII or IX and II or X, as has been previously suggested based on thrombin generation
measurements [123]. Moreover, the authors used a highly diluted thromboplastin in the
ROTEM assay as opposed to the undiluted thromboplastin in the PT, which could explain
the low grade of correlation.

4.1.2. ROTEM Monitoring in VKA Reversal

Some studies have evaluated ROTEM-guided PCC reversal of warfarin [122-124].
Rumph et al. [124] in an in vitro study showed that hemostatic components differently
affected the onset (CT) and clot growth (x angle and MCF) depending on their respective
procoagulant activity and fibrinogen content. In the model of enzymatic deficiency in
warfarin-treated plasma, cryoprecipitate improved all three parameters (CT, angle, and
MCF) more than fresh frozen plasma, whereas the effects of PCC and fibrinogen concentrate
were more specific to CT or « angle/MCEF, respectively. In the same line, Spiezia et al. [125]
evaluated the in vitro efficacy of three-factor prothrombin complex concentrate (3F-PCC)
and four-factor prothrombin complex concentrate (4F-PCC) in reversing warfarin treatment
at different degrees of anticoagulation based on EXTEM data and thrombin generation.
The authors observed that all PCCs considered in the study normalized EXTEM-CT at
a dosage of 0.5 IU/mL, independently of the degree of anticoagulation. No significant
differences were found in EXTEM-CT values when comparing 3F-PCC with 4F-PCC. In the
same way, Bonderski et al. [126], in a case report, highlighted the role of ROTEM to guide
anticoagulation VKA reversal in a patient with a ventricular assist device at a high risk of
thrombotic events; this device facilitated the use of an attenuated dosing strategy of 4F-PCC.

Only one study [127] investigated the correlation between INR values and ROTEM
parameters in patients treated with acenocoumarol; moreover, it evaluated the efficacy
of ROTEM in identifying the safety coagulation threshold for performing invasive proce-
dures in patients undergoing heart valve replacement on acenocoumarol anticoagulation.
Blasi et al. [127] found that an EXTEM-CT > 84 s can predict an INR > 1.5 in 92.9% of the
patients, whereas a lower EXTEM-CT can predict an INR value < 1.5 in 100% of the cases.

In conclusion, warfarin affects the initial clotting variables of extrinsically activated
ROTEM. Other large clinical trials are needed to have sufficient evidence to replace labo-
ratory parameters (i.e., PT and INR) as a first-choice test for warfarin anticoagulation in
urgent clinical situations. However, a ROTEM device can be a useful guide to determine
the appropriateness of VKA reversal in patients at risk of thrombotic complications.
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4.2. Direct Oral Anticoagulants (DOACs)

DOAC:s are categorized into two main classes: oral direct thrombin inhibitor (i.e., dabiga-
tran) and oral direct FXa inhibitors (i.e., apixaban, rivaroxaban, edoxaban, and betrixaban).

These agents present several advantages compared with VKAs: a more rapid onset
and offset, with a peak action 1 to 3 h after intake and half-lives of 10 to 14 h [128], and few
drug and food interactions. Moreover, DOACs’ plasma concentration has been reported
not to be dependent on body mass index (BMI) [129]. Unlike VKAs, DOACs are given
at fixed doses; they do not require routine coagulation monitoring [130] since their effect
quickly ends after interruption and, in either case, can be predicted based on a few easily
calculable variables (mainly the time from the last dose take, the type of molecule, age, and
the glomerular filtrate) [131]. However, detection of DOACs is urgently needed when drug
history is not available (e.g., in emergency situations such as severe or aortic dissections),
and monitoring of DOAC effects is recommended under specific conditions (e.g., before
thrombolytic therapy, emergency situations while receiving a DOAC, after DOAC reversal).

Standard coagulation test results (i.e., aPTT and PT) are of limited value due to high
variability, depending on the reagents employed [132,133]. More sensitive assays for
monitoring dabigatran activity include thrombin time (TT), diluted thrombin time (dTT),
and ecarin clotting time (ECT), while chromogenic anti-FXa assays are more accurate for
the monitoring of oral direct FXa inhibitors [134].

Recent guidelines on the management of major bleeding in trauma [8] have suggested
a potential utility of the measurement of plasma levels of oral direct anti-FXa agents,
such as apixaban, rivaroxaban, or edoxaban, in trauma patients treated or suspected of
being treated with one of these agents. However, these nonconventional tests may not be
suitable for urgent monitoring due to high costs needed for laboratory calibration and long
turnaround times [135].

In the last years, liquid chromatography-mass spectrometry (LC-MS) assay has been
considered the goal standard for the quantification of the levels of DOACsS, especially to
detect very low levels [136,137]. However, even this analysis is expensive and requires
specialized laboratories, which might discourage its use in emergency situations.

4.2.1. ROTEM Monitoring in DOACs Therapy

Several studies pointed out that thromboelastometric tests were applicable to qualita-
tively monitor the anticoagulant effect of DOACs [138-164] (Table S3 in Supplementary
Materials) and the reversibility of their activity [165-177].

Regarding the detection of dabigatran anticoagulant activity with a ROTEM device,
some studies evaluated ROTEM reagents in patients treated with dabigatran compared with
healthy blood donors (controls) [138-140] or analyzed the correlations between ROTEM
results and dabigatran plasma concentration [142-148].

Tsantes et al. [138], using the NATEM assay, found a significant prolongation of CT,
CFT, and « angle values in patients with NVAF on 110 mg dabigatran twice daily, as
compared with healthy subjects (p < 0.001, p = 0.006, p = 0.016, respectively). Similar results
were found by Vedovati et al. [139] using the ECATEM assay; in 10 patients treated with
dabigatran, the mean CT, the mean MCEF, and the mean CT/CT+ catcher at the peak and
trough were significantly higher compared with controls (p < 0.001 and p < 0.001 for CT,
respectively; p = 0.045 and p = 0.048 for MCEF, respectively; and p < 0.001 and p < 0.001
for CT/CT+ catcher, respectively). ROC curve analysis showed a good accuracy for the
CT and CT/CT+ catcher in measuring dabigatran anticoagulant activity. In the same line,
Korpallova et al. [140] reported a significant difference in CT for INTEM, EXTEM, and
FIBTEM for both trough and peak samples in 11 atrial fibrillation (AF) patients treated with
dabigatran compared with controls; furthermore, a noticeable difference in MCF FIBTEM
was found. However, when comparing trough (121.7 + 13.5 ng/mL) and peak samples
(181.9 £ 23.6 ng/mL), there was a trend towards prolonged peak CT for all three reagents
(INTEM, EXTEM, FIBTEM), but the differences did not reach statistical significance. The
authors suggested that these results can be explained either by a low simple size or by the
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fact that a greater increase in dabigatran levels was needed for a significant prolongation of
a CT parameter.

In the literature, a drug concentration > 30 ng/mL has been proposed as a target for
antidote administration against DOACs in serious bleedings [141]. Henskens et al. [142], in
75 samples of patients with NVAF, found that EXTEM-CT was sufficiently sensitive (91%)
to detect clinically relevant dabigatran activity (>30 ng/mL), but not CT-INTEM (52%).
Moreover, EXTEM-CT showed a good sensitivity for dabigatran with a moderate linearity
(R? = 0.5881). Consistent with these findings, Taune et al. [143] showed, in patients with AF,
a strong and linear correlation between ROTEM-CT and dabigatran concentration when
activated with the reagents EXTEM (r = 0.92, p < 0.01) and FIBTEM (r = 0.93, p < 0.01),
while with INTEM and low TF, the correlation was weaker (r =0.72 and r = 0.36, p < 0.01,
respectively). On the other hand, Eller et al. [90], in an in vitro study, found a significant
INTEM-CT prolongation associated with EXTEM-CT after dabigatran incubation both at
therapeutic (0.1-0.3 pg/mL) and supratherapeutic (20 pg/mL) concentrations. Another
small study [144] including 17 AF patients treated with dabigatran confirmed a signifi-
cant increase in PT, aPTT, and both INTEM-CT and EXTEM-CT 2 h after administration,
corresponding to a mean drug level of 128.6 ng/mL. Similar results were found in a re-
cent ex vivo study [145] that showed a significant correlation between dabigatran plasma
levels and both EXTEM-CT (r = 0.765, p < 0.001) and INTEM-CT (r = 0.702, p < 0.05).
The authors concluded that EXTEM-CT facilitates the qualitative dabigatran monitoring
and, unlike rivaroxaban, even at low plasma levels. In the same line, Comuth et al. [146]
performed a ROTEM analysis in samples spiked with dabigatran from healthy donors
and in ex vivo samples from patients treated with dabigatran. They demonstrated that
EXTEM and FIBTEM-CT correlated with dabigatran plasma concentrations measured with
LC-MS/MS without differences between spikes and patient samples. Lastly, in a recent
study, Sokol et al. [147] found that INTEM-CT and INTEM-MCEF as well as EXTEM-CT and
EXTEM-MCEF have a strong correlation with the plasma concentration of dabigatran in a
real-life population with AF.

The correlation with dabigatran concentration varied with the trigger used in the
ROTEM assay. Using the ECATEM assay, Korber et al. [148], in 10 patients undergoing total
knee or hip arthroplasty, showed a correlation coefficient above 0.75 between ECATEM-CT
and dabigatran concentration at 2, 6, and 12 h after ingestion on the third postoperative day.
The authors concluded that, in a surgical setting, the ECATEM measurement can detect
dabigatran in a wide concentration range (0-305 ng/mL). Notably, Schifer et al. [149] in
an in vitro study demonstrated that ECATEM-CT increased early and significantly with
dabigatran at all samples; moreover, ECATEM-CT highly correlated with spikes dabigatran
concentrations (r = 0.9985; p < 0.001). Taune et al. [150] compared modified thrombin-
activated ROTEM (thrombin 2 IU/mL) with standard EXTEM in dabigatran-spiked whole
blood samples, since dabigatran acts specifically by inhibiting thrombin by binding to its
catalytic site. They demonstrated that low dabigatran levels between 20 and 200 ng/mL
were detectable with thrombin-activated CT, but not with EXTEM-CT.

Regarding apixaban, in a small cohort of 20 healthy donors, in which whole blood
samples were spiked in vitro with the anticoagulant at five different plasma concentrations,
EXTEM-CT and INTEM-CT were poorly impacted by apixaban levels, even at high con-
centrations [151]. Similarly, Mahamad et al. [152] found no significant correlation between
EXTEM-CT and apixaban anti-FXa activity (r = 0.56, p = 0.72). Moreover, the findings
should be interpreted with caution due to the small simple size with low statistical power.
These results were not confirmed by Eller et al. [90], who observed a highly significant
prolongation of the CT value in INTEM and in EXTEM using apixaban in suprathera-
peutic concentrations. At therapeutic concentrations of apixaban, CT was increased in
EXTEM-CT at 0.1, 0.2, 0.3, and 0.5 ng/mL, whereas a significant increase in INTEM-CT
was detected only with 0.5 ug/mL. In the same line, an in vitro study [153] reported a
significant EXTEM-CT prolongation after adding apixaban (200 ng/mL) to blood from
healthy donors (357.9 £ 52.8 s vs. 165.6 & 19.7 s in control patients, p < 0.01). These results
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were confirmed by Korpallova et al. [140], who showed significant differences in trough
and peak CT for INTEM, EXTEM, and FIBTEM between apixaban-treated patients and
controls. Moreover, the ROTEM assay seemed not to be sensitive enough to distinguish the
differences between trough and peak apixaban levels.

From these studies, it appeared clear that values below 200 ng/mL of inhibitors overlap
with those observed in the absence of the drug. This lack of sensitivity could originate from
the TF content of the EXTEM reagent. Adelmann et al. [154], in an in vitro experiment,
showed that decreasing the TF amount up to a final concentration of 0.35 pmol/L (Low-
TF-ROTEM) improved the sensitivity to apixaban; the authors found a strong correlation
between apixaban plasma concentrations and Low-TF-ROTEM CT (Spearman’s correlation
coefficient = 0.81).

Pailleret et al. [155] demonstrated that a modified ROTEM, triggered with a low TF
(5 pmol/L) and a saturating amount of phospholipid vesicles, allowed the detection of as
little as 25 ng/mL of apixaban with at least a 1.6-fold increase in CT (p < 0.02). CT was the
most relevant parameter to detect the FXa inhibitors, whereas MCF was little influenced,
and CFT was affected by at least 100 ng/mL of the drug. Moreover, the authors showed
that a lengthening of CT value above 197 s could detect samples containing more than
30 ng/mL of apixaban with good sensitivity and specificity. However, modified ROTEM
could not exclude a concentration above 30 ng/mL in 10% of cases. These results were
not confirmed in a study on ex vivo samples in which Kyriakou et al. [156] demonstrated,
in real-life patients with NVAF, that NATEM-CT and CFT were significantly prolonged
in patients with apixaban compared with controls. However, there was no correlation
between apixaban plasma concentrations and NATEM parameters.

Other studies evaluated ROTEM analysis performed on blood containing rivaroxaban.
Schenk et al. [157], in an ex vivo study in which blood was obtained from healthy volunteers
and from patients treated with rivaroxaban (15 or 20 mg), found a significant rivaroxaban-
dependent prolongation of EXTEM-CT in a dose-dependent manner (100-700 ng/mL,
r = 0.76, p < 0.05). These results were partly confirmed by Henskens et al. [142], who
demonstrated a good sensitivity of EXTEM-CT (96%) and a moderate sensitivity of INTEM-
CT (77%) in detecting rivaroxaban activity. In the same line, Casutt et al. [154] reported a
slight increase in EXTEM-CT and INTEM-CT 2.5 h after a dose of 10 mg rivaroxaban was
administered to 11 healthy volunteers; the authors found normal INTEM-CT values in 7
out of the 11 patients (63.6%) and EXTEM-CT values in 4 out the 11 patients (36.3%). This
confirmed that ROTEM tests are not sensitive to a low dose of rivaroxaban. These results
were in accordance with that in Seyve et al. [151], who reported a dose-dependent increase
in EXTEM-CT and INTEM-CT. However, EXTEM-CT was more sensitive than INTEM-CT
in detecting rivaroxaban, but it was unable to systematically detect low concentration
(<50 ng/mL) of the anticoagulant. Similarly, Eller et al. [90] reported a prolonged EXTEM-
CT only for supratherapeutic but not for therapeutic plasma concentrations of rivaroxaban.
Notably, Chojnowski et al. [159], in an in vivo study, found EXTEM-CT to be more sensitive
than INTEM-CT after the administration of 20 mg of rivaroxaban. However, EXTEM-
CT was not sensitive enough to measure the residual activity of the anticoagulant drug.
Accordingly, Oswald et al. [160] showed an increase in EXTEM-CT and INTEM-CT in
orthopedic patients treated with 10 mg rivaroxaban compared with those treated with
enoxaparin 4 days after major surgery. Moreover, EXTEM-CT was the only variable to
increase to a greater degree. The authors concluded that prolonged CT (the only variable to
increase) in the EXTEM assay may be useful for detecting treatment with rivaroxaban.

It is known that the peak concentration of rivaroxaban is reached 2—4 h after oral
intake [157]. Some studies have evaluated the correlation between plasma rivaroxaban lev-
els and ROTEM parameters [140,144,145,152,162,163]. Hermann et al. [144], in 15 patients
receiving 10 mg daily for prophylaxis of DVT after orthopedic surgery, 2 h after intake with
a mean of plasma concentration of 128.6 ng/mL, found no modifications of EXTEM-CT
(p = 0.652) and INTEM-CT (p = 0.725). Assuming an influence of rivaroxaban concentration
on ROTEM parameters, Perzborn et al. [162], in an in vitro study, demonstrated that a
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rivaroxaban concentration between 331 and 1807 ng/mL prolonged CT from 1.8-fold to
3.7-fold over the baseline. Similarly, Klages et al. [145], in samples from 34 patients under
rivaroxaban therapy before ingestion and 2 to 3 h afterwards, found a significant positive
correlation between EXTEM-CT (r = 0.689, p < 0.0001) and INTEM-CT (r = 0.595, p < 0.001)
tests and rivaroxaban plasma levels; moreover, despite a positive correlation with rivaroxa-
ban, the authors concluded that EXTEM-CT was not suitable for qualitative monitoring, as
values were distributed over a wide range within the reference area. These results were
consistent with a study by Fontana et al. [159], who found, 3 h after administration of
20 mg rivaroxaban in healthy volunteers, significant mean differences of CT but only a
moderate correlation of CT with rivaroxaban plasma levels; moreover, they observed a
small (+2.2 mm) but significant increase in EXTEM-MCF and no impact on INTEM-MCF
and FIBTEM-MCE Mahamad et al. [152], in a small sample size, demonstrated a correlation
with rivaroxaban activity and EXTEM-CT of 0.86, but this was not significant (p = 0.2062).
Different results were found by Korpallova et al. [140], who reported the availability of CT
to react on therapeutic rivaroxaban levels; unlike other DOACs, EXTEM-CT, INTEM-CT,
and FIBTEM-CT were significantly more prolonged in rivaroxaban peak samples than in
the through samples.

Standard ROTEM assays present a high variability in CT prolongation; CT can remain
within the normal range despite high therapeutic plasma concentrations. Some studies eval-
uated modified ROTEM assays using low TF concentrations (TFTEM) or ecarin (ECATEM).
Schiéfer et al. [149], in an in vitro study, found that TFTEM-CT correlated with rivaroxaban
spike concentrations (r = 0.9363, p = 0.006), whereas ECATEM-CT did not. Moreover, the
TFTEM/ECATEM-CT ratio was above a value of 2 for all dosages of rivaroxaban, even at
low plasma concentrations. In the same line, Vedovati et al. [139], using diluted EXTEM
assay, with and without the addition of an anti-FXa catcher, demonstrated a good accuracy
of CT, CT/CT+ catcher, and CFT/CFT+ catcher in measuring rivaroxaban activity (0.973,
0.987, and 0.860, respectively). In the other line, Tsantes et al. [140], using NATEM in 20 pa-
tients with NVAF treated with rivaroxaban, observed a significant increase in CT (p < 0.001),
CFT (p = 0.001), and o angle (p = 0.001) compared with the control group. In Adelmann’s
study [154], the modified low TF-activated ROTEM, with a decreasing in TF amount up to
a final concentration of 0.35 pmol/L, showed a good sensitivity for rivaroxaban detection.
Moreover, the authors observed a strong correlation (r = 0.81) between CT and rivaroxaban
plasma concentrations. Similar results were observed by Pailleret et al. [155] using modified
ROTEM tests that were triggered with the addition of a saturating amount of phospholipid
vesicles (10 umol/L) and a low amount of TF (5 pm/L in platelet-poor plasma or platelet-
rich plasma and adjusted to 2.5 pmol/L in whole blood). The authors showed a 1.4-fold
increase in CT value (p = 0.02) with 25 ng/mL of rivaroxaban; moreover, MCF was little
affected, and at least 100 ng/mL of the drug was required to increase CFT significantly. In
contrast, in an in vivo study, Kyriakou et al. [156], despite the greater impact of rivaroxaban
on CT in comparison with apixaban, demonstrated no correlation between rivaroxaban
plasma levels and NATEM parameters.

Data regarding the use of ROTEM for the evaluation of patients anticoagulated with
edoxaban are very limited. Two studies considered the impact of whole blood spikes with
edoxaban on the ROTEM assay [151,164]. Seyve et al. [151] reported INTEM-CT to be
less sensitive than EXTEM-CT; moreover, EXTEM-CT was above the normal range when
the plasma concentrations of edoxaban were about 100 ng/mL. Havrdova et al., [164]
in 15 healthy volunteers, analyzed the relationship between viscoelastic parameters and
edoxaban plasma concentration after 60 mg of edoxaban oral administration. The authors
found changes in EXTEM-CT and FIBTEM-CT. Compared with the baseline, EXTEM-CT
was significantly prolonged at 2, 4, 6, and 8 h (p < 0.001) and at 24 h (p < 0.007) after
dose. Unlike in Seyve’s study [151], EXTEM-CT and FIBTEM-CT were prolonged also with
low plasma concentrations of edoxaban (after 8 h, the mean plasma concentration was
82 ng/mL).
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In conclusion, from analysis of the available literature, DOACs affect the ROTEM
parameters with the increase in CT in INTEM and EXTEM assays; this reflects the mechanisms
of the action of DOACs on the prolongation of PT and aPTT values during the standard
coagulation monitoring. However, even though the mean differences of CT are significant, the
correlation of CT with DOAC plasma levels appears to be only moderate. ROTEM parameters
are nonspecific to DOACs and insensitive to subtherapeutic plasma levels. Modification of
ROTEM trigger using TF or ecarin instead of a standard activator improves the sensitivity
and specificity of ROTEM testing, but further large studies are required to confirm the limited
data and establish cut-off values to detect the specific anticoagulant drug.

4.2.2. ROTEM Monitoring in DOAC Reversal

The clinical utility of ROTEM monitoring after nonspecific (3-PCC, 4-PCC, activated
PCC (aPCC)) and specific (idarucizumab or andexanet « for the reversal of FII and FX
inhibitors, respectively) DOAC reversal was assessed mainly in in vitro or ex vivo animal
studies and in a few clinical trials.

In the literature, no clinical studies of patients with dabigatran-associated bleed-
ing receiving a target reversal agent under ROTEM monitoring have been conducted.
Honickel et al. [165] showed the effectiveness of ROTEM monitoring in the reversal of the
anticoagulant effects of dabigatran in a porcine polytrauma model. Significant decreases
in INTEM-CT, EXTEM-CT, and EXTEM-CFT were observed after the administration of
PCC 50 IU/kg and 100 IU /kg as compared with PCC 25 IU/kg and control animals with
reduction in blood loss and better hemodynamic parameters. Similarly, Grottke et al. [166]
demonstrated, in the same animal model, that the addition ex vivo to citrated whole blood
samples of PCC (30 and 60 IU/kg), aPCC (30 and 60 IU/kg), rFVIIa (90 and 180 ug/kg),
and a specific antibody fragment as antidote (aDabi-Fab) (60 and 120 mg/kg) determined a
significant reduction in CT and CFT in EXTEM, overall, with the antidotes; on the contrary,
rFVIla had no significant effects on any of the ROTEM parameters. Similarly, the addition
of PCC to plasma containing dabigatran resulted in a significant reduction of EXTEM-CT
and FIBTEM-CT, but not INTEM-CT [167].

For what concerns trauma-induced coagulopathy (TIC) under dabigatran anticoagula-
tion, Honickel et al. [168] performed an experimental study to evaluate the efficacy of 3-PCC
and 4-PCC to reverse coagulopathy in a dabigatran anticoagulation/trauma model in pigs
using ROTEM monitoring. The authors found that the combined effects of dabigatran
anticoagulation and TIC were reduced by both 3-PCC and 4-PCC administration, with a
significant decrease in ROTEM-CT and CFT. In the same study, idarucizumab significantly
reversed the effects of dabigatran and coagulopathy on ROTEM-CT and CFT. Moreover,
treatment with tranexamic acid plus fibrinogen concentrate post-trauma improved the
idarucizumab reversal of CFT, MCF, and maximum velocity.

Two other studies showed the utility of CT in ROTEM for the reversal of dabigatran
using idarucizumab as antidote. Akman et al. [169], in a porcine polytrauma model with a
mean dabigatran concentration above 300 ng/mL, found a positive strong correlation in
plasma dabigatran concentration after both intravenous and intraosseous idarucizumab be-
tween EXTEM-CT (Pearson’s correlation coefficient, r = 0.81 and r = 0.92, respectively) and
INTEM-CT (Pearson’s correlation coefficient, r = 0.93 and r = 0.83, respectively). Moreover,
the authors demonstrated that dabigatran reversal with idarucizumab could be evalu-
ated using INTEM-CT and EXTEM-CT when dabigatran concentration levels were below
900 ng/mL. Recently, Takeshita et al. [170], in an in vitro study, confirmed that ROTEM
parameters predicted supratherapeutic dabigatran concentration, but the same tests varied
in sensitivity to the residual anticoagulant activity after reversal with idarucizumab. The
authors showed that, after a fixed dose of idarucizumab, residual dabigatran activity was
undetected on INTEM-CT and EXTEM-CT when dabigatran concentration was above
2000 ng/mL.

Some in vitro studies [162,171-173] evaluating the reversal of rivaroxaban anticoagu-
lation with PCC demonstrated the utility of ROTEM monitoring; however, in the literature
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only two clinical studies in rivaroxaban anticoagulated patients with associated hemor-
rhage have been reported [174,175]. Bar et al. [174] demonstrated that ROTEM can detect
changes in coagulation parameters caused by topical hemostatic agents (i.e., kaolin-based
hemostatic agent and chitosan-based agent) in patients on rivaroxaban presenting to the
emergency department. Of the samples treated with a kaolin-based hemostatic agent, 87.5%
showed reductions in CT, 100% showed reductions in CFT, and 75% showed increases in
MCF; moreover, of the samples treated with a chitosan-based agent, 75% showed reductions
in CT, 37.5% showed reductions in CFT, and 62.5% showed increases in MCFE. Recently,
Schenk et al. [175] conducted the first prospective clinical study investigating the effect
of PCC in patients with bleeding events during rivaroxaban treatment; they found that
EXTEM-CT correlated best with measured rivaroxaban levels but did not improve after
4-PCC administration.

Similar in vitro studies using ROTEM analysis were presented for apixaban reversal
effects. Escolar et al. [153] demonstrated that prolongations in EXTEM-CT due to apixaban
were corrected by the different concentrates with variable efficacies (rFVIla > aPCC >
PCC). In another in vitro study, Martin et al. [176] assessed in the whole blood of 16
healthy volunteers spiked with therapeutic or supratherapeutic apixaban concentrations
the ability of two different doses of aPCC, PCC, and rFVlIla to reverse the anticoagulant
effects. All three types of hemostatic agents significantly reduced EXTEM-CT. Moreover,
the lowest rFVIla dose was more effective than the highest aPCC dose. rFVIIa failed to
improve the fibrin clot structure but hastened the initiation of coagulation, which was
demonstrated by a reduction of EXTEM and INTEM-CT. However, increasing reversal
anticoagulant concentration produced no further benefit. Different results were found
by Dinkelaar et al. [167], who conducted an in vitro study in which plasma and whole
blood were spiked with apixaban, and PCC was added to these samples with different
concentrations (0, 0.25, 0.5, 1, 2, and 4 IU/mL). The authors demonstrated no effects on
ROTEM parameters; in particular, the addition of PCC did not result in a significant change
in response in any of the tested parameters, except for FIBTEM-CT. Based on an EXTEM-CT
value and standard coagulation tests, Schmidt et al. [177] confirmed, in patients under
prophylactic therapy with apixaban, that PCC did not completely reverse the effect of
apixaban; rFVII was the most effective reversal agent.

In conclusion, a ROTEM device appears to be helpful in the management of DOAC
reversal in urgent clinical situations and in the choice of the most effective reversal agent; in
particularly, in patients treated with dabigatran, it could be useful to avoid an inappropriate
use of the expensive antagonist idarucizumab.

5. Conclusions and Perspectives

There is growing interest to utilize VETs to assess the activities of different anticoagulant
drugs and their reversal in urgent clinical settings. Indeed, clinicians need to know quickly
whether anticoagulant drugs are present in the blood and their impact on patient hemostasis.

Knowing that “time is precious,” the ROTEM instrument proved to be an excellent
guiding tool in optimizing the coagulation of bleeding patients [8]. The current evidence
supporting the applicability of this device for the management of anticoagulated patients
in emergency situations, particularly when the drug history is not available, is expanding.
Figure 2 summarizes the changes of ROTEM parameters in patients taking parenteral and
oral anticoagulants.
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PARENTERAL ANTICOAGULANTS

UFH
INTEM - CT (correlation with aPTT)

HEPTEM - CT (normalized if INTEM - CT was
prolonged due to UFH or LMWH]
INTEM/HEPTEM CT - ratio

(correlation with anti - FXa activity > 0.1 IU/mL)

LMWHs
INTEM - CT (low sensitivity to LMWH;

only prolonged if anti - FXa activity > 0.4 IU/mL)
NATEM/NAHEPTEM CT - ratio
(correlation with anti - FXa acitivity > 0.1 IU/mL)
TFTEM (correlation with anti - FXa activity)

PICT (correlation with anti - FXa activity)

Fondaparinux
INTEM - CT (only prolonged in case of

supratherapeutic plasma concentrations)

Direct Thrombin Inhibitors (DTIs)
EXTEM - CT (correlation with argatroban and

bivalirudin plasma concentrations)

ECATEM -CT (prolongation spedcific for DTIs)

CFT

PROLONGATION

ORAL ANTICOAGULANTS

VKAs
EXTEM - CT (correlation with PT - INR)
INTEM and HEPTEM - CT (normal)

DOACs
DABIGATRAN

(correlation with plasma concentration)

ECATEM - CT (prolenged; specific for DTIs)
TFTEM/ECATEM CT - ratio <2
EXTEM - and FIBTEM - CT
INTEM - and HEPTEM - CT
RIVAROXABAN, EDOXABAN

(correlation with plasma concentration)

TFTEM - and EXTEM - CT
TFTEM/ECATEM CT - ratio > 2
INTEM - and HEPTEM - CT
ECATEM - CT (normal; specific for DTIs)
APIXABAN

(correlation with plasma concentration)

TFTEM - CT (sensitive to low concentrations)
TFTEM/ECATEM CT - ratio > 2
EXTEM - and INTEM - CT

(not sensitive to low apixaban plasma concentrations)

ECATEM - CT (normal: specific for DTIs)

Figure 2. ROTEM parameters in anticoagulated patients with parenteral and oral anticoagulants.
Legend: anti-FXa: anti-factor X activated; aPTT: activated partial thromboplastin time; CT: clot-
ting time; CFT: clot formation time; ECATEM: ecarin-activated assay; HFU: unfractioned heparin;
INR: international normalized ratio, LMWH: low-molecular-weight heparin; MCF: maximum clot
firmness; NATEM: nonactivated thromboelastometry; PiCT: prothrombinase-induced clotting time;
PT: prothrombin time; TFTEM: low tissue factor thromboelastometry; UFH: unfractionated heparin;
VKAs: antivitamin K antagonists.

ROTEM appeared to be useful in detecting UFH with high sensitivity, and the IN-
TEM/HEPTEM CT ratio proved to be a good predictor of heparin rebound after CPB.

Regarding LMWHs, currently there are small data supporting the use of ROTEM for
their monitoring at prophylactic doses. Nonactivated ROTEM (NATEM in combination
with NA-HEPTEM), a sensitive test for the evaluation of the endogenous activation of
hemostasis, and specific test modifications (i.e., PiCT-ROTEM and Low-TF-ROTEM), could
allow for the identification of LMWHs even at low concentrations (>0.1 anti-Xa IU/mL).
However, at present, most studies have been conducted in vitro, and further clinical studies
are needed to confirm these promising results.

Finally, the detection and differentiation of oral anticoagulants (dabigatran, direct FXa
inhibitors, and VKAs) turn out to be very useful.

Recently, three decision algorithms based on standard thromboelastometric tests (EX-
TEM, FIBTEM, INTEM, and HEPTEM) and new tests, such as ECATEM and TFTEM, have
been proposed [178]. The authors showed that the accuracy of detection and differentiation
of oral anticoagulants was 78% using standard ROTEM tests alone, improved to 94% by
the additional use of two new modified ROTEM tests (TFTEM and ECATEM), and finally,
increased to 98% by a more complex decision tree algorithm. Therefore, a decision-making
support based on this algorithm integrated in the ROTEM device could provide important
information during emergency treatment in orally anticoagulated patients.

Clinical development of specific antidotes for DOACs is in progress. Although
not specifically designed for monitoring warfarin and DOACs, in in vitro trials, EXTEM
emerged to be promising as an assessment tool for acute reversal of DOACs. Certainly,
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the ROTEM device appeared to be useful to guide the clinician in the management of
dabigatran reversal and to avoid an inappropriate use of expensive idarucizumab.

Future prospective multicenter trials to confirm in clinical practice the results achieved
in in vitro studies will be needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11051407 /s1: Table S1. The main studies evaluating the
effects of parenteral anticoagulant drugs (LMWHs, fondaparinux, argatroban, and bivalirudin) on
ROTEM parameters. Table S2. The main studies evaluating the effects of antivitamin K antagonists
on ROTEM parameters. Table S3. The main studies evaluating the effects of oral direct anticoagulants
on ROTEM parameters.

Author Contributions: Conceptualization, V.P. and L.G.; writing—original draft preparation, L.G.;
review and editing, V.P, D.C., P.B., PD. and D.P; supervision, K.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No additional data available.

Conflicts of Interest: The authors L.G., D.C., P.B., P.D. and D.P. declare no conflicts of interest. V.P.
received speakers’” honoraria from Werfen (Munich, Germany). K.G. is the medical director of Tem
Innovations GmbH, Munich, Germany.

References

1.

i

10.
11.

12.

13.

14.

Guyatt, G.H.; Akl, E.A.; Crowther, M.; Gutterman, D.D.; Schiinemann, H.J.; American College of Chest Physician Evidence-Based
Clinical Practice Guidelines. Executive Summary: Antithrombotic Therapy and prevention of thrombosis, 9th ed.: American
College of Chest Physicians Evidence-Based Clinical Practice Guidelines. Chest 2012, 141 (Suppl. 2), 75-47S. [CrossRef] [PubMed]
Gomez-Outes, A.; Suarez-Gea, M.L.; Lecumberri, R.; Terleira-Fernandez, A.L; Vargas-Catrillon, E. Direct acting oral anticoagulants:
Pharmacology, indications, management, and future perspectives. Eur. |. Haematol. 2015, 95, 389—404. [CrossRef] [PubMed]
Onishi, A.; St Ange, K.; Dordick, ]J.S.; Linhardt, R.J. Heparin and anticoagulation. Front. Biosci. 2016, 21, 1372-1392.

Mann, K.G.; Butenas, S.; Brummel, K. the dynamic of thrombin formation. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 17-25.
[CrossRef]

Shojania, A.M.; Tetreault, J.; Turnbull, G. The variations between heparin sensitivity of different lots of activated partial
thromboplastin time reagent produced by the same manufactured. Am. J. Clin. Pathol. 1988, 89, 19-23. [CrossRef] [PubMed]
Funk, D.M.A. Coagulation assays and anticoagulant monitoring. Hematol. Am. Soc. Hematol. Educ. Program 2012, 2012, 460-465.
[CrossRef]

Babin, J.L.; Traylor, K.L.; Witt, D.M. Laboratory monitoring of low-molecular-weight heparin and fondaparinux. Semin. Thromb.
Hemost. 2017, 43, 261-269.

Spahn, D.R.; Bouillon, B.; Cerny, V.; Duranteau, J.; Filipescu, D.; Hunt, B.].; Komadina, R.; Maegele, M.; Riddez, L.; Samama,
C.-M.; et al. The European guidelines on management of major bleeding and coagulopathy following trauma: Fifth edition. Crit.
Care 2019, 23, 98. [CrossRef]

Ganter, M.T.; Hofer, C.K. Coagulation monitoring: Current techniques and clinical use of viscoelastic point-of-care coagulation
devices. Anesth. Analg. 2008, 106, 1366-1375. [CrossRef]

Whiting, D.; DiNardo, J.A. TEG and ROTEM: Technology and clinical applications. Am. ]. Hematol. 2014, 89, 228-232. [CrossRef]
Gorlinger, K.; Pérez-Ferrer, A.; Dirkmann, D.; Saner, F.; Maegele, M.; Perez Calatayud, A.A.; Kim, T.-Y. The role of evidence-based
algorithms for rotational thromboelastometry-guided bleeding management. Korean J. Anaesthesiol. 2019, 72, 297-322. [CrossRef]
[PubMed]

Schochl, N.; Nienaber, U.; Hofer, G.; Voelckel, W.; Jambor, C.; Scharbert, G.; Kozek-Langenecker, S.; Solomon, C. Goal-directed
coagulation management of major trauma patients using rotation thromboelastometry (ROTEM)-guided administration of
fibrinogen and prothrombin complex concentrate. Crit. Care 2010, 14, R55. [CrossRef] [PubMed]

Simurda, T.; Asselta, R.; Zolkova, J.; Brunclikova, M.; Dobtotova, M.; Kolkova, Z.; Loderer, D.; Skornova, I.; Hudecek, J.; Lasabova,
Z.; et al. Congenital afibrinogenemia and hypofibrinogenemia: Laboratory and genetic testing in rare bleeding disorders with
life-threating clinicval manifestations and challenging management. Diagnostics 2021, 11, 2140. [CrossRef]

Haas, T.; Spielmann, N.; Mauch, J.; Speer, O.; Schmugge, M.; Weiss, M. Reproducibility of thromboelastometry (ROTEM ®):
Point-of care versus hospital laboratory performance. Scand. J. Clin. Lab. Investig. 2012, 72, 313-317. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm11051407/s1
https://www.mdpi.com/article/10.3390/jcm11051407/s1
http://doi.org/10.1378/chest.1412S3
http://www.ncbi.nlm.nih.gov/pubmed/22315257
http://doi.org/10.1111/ejh.12610
http://www.ncbi.nlm.nih.gov/pubmed/26095540
http://doi.org/10.1161/01.ATV.0000046238.23903.FC
http://doi.org/10.1093/ajcp/89.1.19
http://www.ncbi.nlm.nih.gov/pubmed/3337049
http://doi.org/10.1182/asheducation.V2012.1.460.3798662
http://doi.org/10.1186/s13054-019-2347-3
http://doi.org/10.1213/ane.0b013e318168b367
http://doi.org/10.1002/ajh.23599
http://doi.org/10.4097/kja.19169
http://www.ncbi.nlm.nih.gov/pubmed/31096732
http://doi.org/10.1186/cc8948
http://www.ncbi.nlm.nih.gov/pubmed/20374650
http://doi.org/10.3390/diagnostics11112140
http://doi.org/10.3109/00365513.2012.665474
http://www.ncbi.nlm.nih.gov/pubmed/22724625

J. Clin. Med. 2022, 11, 1407 20 of 26

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hartert, H. Blutgerinnungsstudien mit der Thromboelastographie, einem neuen Untersuchungsverfahren. Klin. Wschr. 1948, 26,
577-583. [CrossRef] [PubMed]

Schenk, B.; Gorlinger, K.; Treml, B.; Tauber, H.; Fries, D.; Niederwanger, C.; Oswald, E.; Bachler, M. A comparison of the new
ROTEM sigma with its predecessor, the ROTEM delta. Anaesthesia 2019, 74, 348-356. [CrossRef]

Sucker, C.; Zotz, R.B.; Gorlinger, K.; Hartmann, M. Rotational thromboelastometry for the bedside monitoring of recombinant
hirudin. Acta Anaesthesiol. Scand. 2008, 52, 358-362. [CrossRef]

De Denus, S.; Spinler, S.A. Clinical monitoring of direct thrombin inhibitors using the ecarin clotting time. Pharmacotherapy 2002,
22,433-435. [CrossRef]

Adamzik, M.; Langemeier, T.; Frey, U.H.; Gorlinger, K.; Saner, F.; Eggebrecht, H.; Peters, J.; Hartmann, M. Comparison of
thromboelastometry with simple acute physiology score II and sequential organ failure assessment scores for the prediction of
30-day survival: A cohort study. Shock 2011, 35, 339-342. [CrossRef]

Zipplerle, J.; Schlim, C.J.; Holnthoner, W.; Husa, A.M.; Nurnberger, S.; Redl, H.; Schochl, H. A novel coagulation assay
incorporating adherent endothelial cells in thromboelastometry. Thromb. Haemost. 2013, 109, 869-877. [CrossRef]

Adamzik, M.; Eggmann, M.; Frey, U.H.; Gorlinger, K.; Brocker-Preuss, M.; Marggraf, G.; Saner, F.; Eggebrecht, H.; Peters, J.;
Hartmann, M. Comparison of thromboelastometry with procalcitonin, interleukin 6, C-reactive protein as diagnostic tests for
severe sepsis in critically ill adults. Crit. Care 2010, 14, R178. [CrossRef] [PubMed]

Muller, M.C.; Meijers, J.C.; Vroom, M.B.; Juffermans, N.P. Utility of thromboelastography and/or thromboelastometry in adult
with sepsis: A systematic review. Crit. Care 2014, 18, R30. [CrossRef] [PubMed]

Davies, N.A.; Harrison, N.K.; Sabra, A.; Lawrence, M.].; Noble, S.; Davidson, S.J.; Evans, V.J.; Morris, R.H.K.; Hawkins, K.;
Williams, PR.; et al. Application of ROTEM to assess hypercoagulability in patients with lung cancer. Thromb. Res. 2015, 135,
1075-1080. [CrossRef] [PubMed]

Meesters, ML.I.; Koch, A.; Kuiper, G.; Zacharowski, K.; Boer, C. Instability of the non-activated rotational thromboelastometry
assay (NATEM) in citrate stored blood. Thromb. Res. 2015, 136, 481-483. [CrossRef]

Clatzis, A.; Spannagl, M.; Gempeler-Messina, P.; Kolde, U.H.].; Schramm, W.; Haas, S. The prothrombinase-induced clotting test:
A new technique for the monitoring of anticoagulant. Haemostasis 2000, 30 (Suppl. 2), 172-174. [CrossRef]

Linhardt, R.J.; Gunay, N.S. Production and chemical processing of low molecular weight heparins. Semin. Thromb. Hemost. 1999,
25 (Suppl 3), 5-16.

Hirsh, J. Heparin. N. Engl. |. Med. 1991, 324, 1565-1574.

Eikelboom, ].W.; Hirsh, J. Monitoring unfractioned heparin with the aPTT: Time for a fresh look. Thromb. Haemost. 2006, 96,
2475-2479.

Levine, M.N.; Hirsh, J.; Gent, M.; Turpie, A.G.; Cruckshank, M.; Weitz, ].; Anderson, D.; Johnson, M. A randomized trial
comparing activated thromboplastin time with heparin assay in patients with acute venous thromboembolism requiring large
doses of heparin. Arch. Intern. Med. 1994, 154, 49-56. [CrossRef]

Baluwala, I.; Favaloro, E.J.; Pasalic, L. Therapeutic monitoring of unfractioned heparin-trials and tribulation. Expert Rev. Hematol.
2017, 10, 595-605. [CrossRef]

Hattersley, P.G. Progress report: The activated coagulation time of whole blood (ACT). Am. ]. Clin. Pathol. 1976, 66, 899-904.
[CrossRef] [PubMed]

Bull, B.S.; Korpman, R.A.; Huse, W.M.; Briggs, B.D. Heparin therapy during extracorporeal circulation. I. Problems inherent in
existing heparin protocols. J. Thorac. Cardiovasc. Surg. 1975, 69, 674—684. [CrossRef]

Nilsson, S.; Appelblad, M.; Svenmarker, S. Can we rely on the activated clotting time to measure heparin anticoagulation? A
clinical evaluation of two ACT monitors. J. Extra Corpor. Technol. 2020, 52, 212-217. [PubMed]

Murray, D.J.; Bronsnahan, W.J.; Pennell, B.; Kapalanski, D.; Weiler, ].M.; Olson, J. Heparin detection by the activated coagulation
time: A comparison of the sensitivity of coagulation tests and heparin assays. J. Cardiothorac. Vasc. Anesth. 1997, 11, 24-28.
[CrossRef]

Ortmann, E.; Rubino, A.; Altemimi, B.; Collier, T.; Besser, M.W.; Klein, A.A. Validation of viscoelastic coagulation tests during
cardiopulmonary bypass. J. Thromb. Haemost. 2015, 13, 1207-1216. [CrossRef]

Gronchi, E,; Perret, A.; Ferrari, E.; Marcucci, C.M.; Fleche, J.; Crosset, M.; Schoettker, P.; Marcucci, C. Validation of rotational
thromboelastometry during cardiopulmonary bypass. A prospective, observational in-vivo study. Eur. J. Anaesthesiol. 2014, 31,
68-75. [CrossRef]

Najafi, A.; Etezadi, F; Pourfakhr, P.; Imani, F.; Khajavi, R.M.; Moharari, R.S. Comparison of aPTT and CT of the ROTEM test to
monito heparin anti-coagulation effect in ICU patients: An observational study. Acta Med. Iran. 2015, 53, 643-646.

Prakash, S.; Wiersema, U.F,; Bihari, S.; Roxby, D. Discordance between ROTEM clotting time and conventional tests during
unfractioned heparin-based anticoagulation in intensive care patients on extracorporeal membrane oxygenation. Anesth. Int. Care
2016, 44, 85-92.

Ogawa, S.; Szlam, E; Chen, E.P; Nishimura, T.; Kim, H.; Roback, J.D.; Levy, ].H.; Tanaka, K.A. A comparative evaluation of
rotational thromboelastometry and standard coagulation tests in hemodilution-induced coagulation changes after cardiac surgery.
Transfusion 2021, 52, 14-22. [CrossRef]

Heilmann, C.; Geisen, U.; Beyerdorf, F.; Nakamura, L.; Benk, C.; Trummer, G.; Berchtold-Henz, M.; Schlensak, C.; Zieger, B.
Acquired von Willebrand syndrome in patients with extracorporeal life support (ECLS). Int. Care Med. 2021, 38, 62-68. [CrossRef]


http://doi.org/10.1007/BF01697545
http://www.ncbi.nlm.nih.gov/pubmed/18101974
http://doi.org/10.1111/anae.14542
http://doi.org/10.1111/j.1399-6576.2007.01550.x
http://doi.org/10.1592/phco.22.7.433.33673
http://doi.org/10.1097/SHK.0b013e318204bff6
http://doi.org/10.1160/TH12-10-0767
http://doi.org/10.1186/cc9284
http://www.ncbi.nlm.nih.gov/pubmed/20929576
http://doi.org/10.1186/cc13721
http://www.ncbi.nlm.nih.gov/pubmed/24512650
http://doi.org/10.1016/j.thromres.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25895846
http://doi.org/10.1016/j.thromres.2015.05.026
http://doi.org/10.1159/000054187
http://doi.org/10.1001/archinte.1994.00420010073009
http://doi.org/10.1080/17474086.2017.1345306
http://doi.org/10.1093/ajcp/66.5.899
http://www.ncbi.nlm.nih.gov/pubmed/983997
http://doi.org/10.1016/S0022-5223(19)41499-2
http://www.ncbi.nlm.nih.gov/pubmed/32981959
http://doi.org/10.1016/S1053-0770(97)90247-0
http://doi.org/10.1111/jth.12988
http://doi.org/10.1097/EJA.0b013e328363171a
http://doi.org/10.1111/j.1537-2995.2011.03241.x
http://doi.org/10.1007/s00134-011-2370-6

J. Clin. Med. 2022, 11, 1407 21 of 26

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gravlee, G.P; Case, L.D.; Angert, K.C.; Rogers, A.T.; Miller, G.S. Variability of the activated coagulation time. Anesth. Analg. 1988,
67,469-472. [CrossRef] [PubMed]

Ottensen, S.; Stormorken, H.; Hatteland, K. The value of activated coagulation time in monitoring heparin therapy during
extracorporeal circulation. Scand. J. Thorac. Cardiovasc. Surg. 1984, 18, 123-128. [CrossRef] [PubMed]

Taneja, R.; Marwaha, G.; Sinha, P.; Quantz, M.; Stitt, L.; Gao, R.; Subramanian, S.; Schaus, M.; Keeney, M.; Chin-Yee, I; et al.
Elevated activated partial thromboplastin time does not correlate with heparin rebound following cardiac surgery. Can. |. Anaesth.
2009, 56, 489-496. [CrossRef] [PubMed]

Ichikawa, J.; Kodaka, M.; Nishiyama, K.; Hirasaki, Y.; Ozaki, M.; Komori, M. Reappearance of circulating heparin in whole blood
heparin concentration-based management does not correlate with postoperative bleeding after cardiac surgery. J. Cardiothorac.
Vasc. Anesth. 2014, 28, 1003-1007. [CrossRef]

Mittermayr, M.; Velik-Salchner, C.; Stalzer, B.; Margreiter, ].; Klingler, A.; Streif, W.; Fries, D.; Innerhofer, P. Detection of protamine
and heparin after termination of cardiopulmonary bypass by thrombelastometry (ROTEM): Results of a pilot study. Anesth.
Analg. 2009, 108, 743-750. [CrossRef] [PubMed]

Mittermayr, M.; Margreiter, J.; Velik-Salchner, C.; Klingler, A.; Streif, W.; Fries, D.; Innerhofer, P. Effects of protamine and heparin
can be detected and easily differentiated by modified thromboelastography (Rotem): An in vitro study. Br. J. Anaesth. 2005, 95,
310-316. [CrossRef]

Hanke, A.A.; Severloh, I; Floricke, F.; Weber, C.F,; Lang, T. Interaction of heparin and protamine in presence of overdosage:
In vitro study. Asian Cardiovasc. Thorac. Ann. 2021, 29, 5-9. [CrossRef]

Schaden, E.; Jilch, S.; Hacker, S.; Schober, A.; Kozek-Langenecker, S. Monitoring of unfractioned heparin with rotational
thromboelastometry using the prothrombinase-induced clotting time reagent (PiCT®). Clin. Chim. Acta 2012, 414, 202-205.
[CrossRef]

Casu, B.; Torrington, K.G. Structural characterization of low molecular weight heparins. Semin. Thromb. Hemost. 1999, 25
(Suppl. 3), 17-25.

Hirsh, J.; Levine, M.N. Low molecular weight heparin. Blood 1992, 79, 1-17. [CrossRef]

Garcia, D.A.; Baglin, T.P.; Weitz, J.I.; Samama, M.M. Parenteral anticoagulants: Antithrombotic therapy and prevention of
thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines. Chest 2012, 141 (Suppl. 2),
€245-e43S. [CrossRef] [PubMed]

Weitz, J. Low molecular weight heparin. N. Engl. . Med. 1997, 237, 688—698. [CrossRef] [PubMed]

Dorffler-Melly, J.; de Jonge, E.; Pont, A.C.; Meijers, ].; Vroom, M.B.; Buller, H.R.; Levi, M. Bioavailability of subcutaneous
low-molecular-weight heparin to patients on vasopressors. Lancet 2002, 359, 849-850. [CrossRef]

Al Dieri, R.; Alban, S.; Beguin, S.; Hemker, H.C. Fixed dosage of low-molecular-weight heparins causes large individual variation
in coagulability, only partly correlated to body weight. J. Thromb. Haemost. 2006, 4, 83-89. [CrossRef] [PubMed]

Simurda, T.; Casini, A.; Stasko, J.; Udecek, J.; Skornova, I; Vilar, R.; Neerman-Arbex, M.; Kubisz, P. Perioperative management of
a severe congenital hypofibrinogenemia with thrombotic phenotype. Thromb. Res. 2020, 188, 1-4. [CrossRef] [PubMed]
Gouin-Thibault, I.; Pautas, E.; Siguret, V. Safety profile of different low-molecular weight heparins used at therapeutic dose. Drug
Saf. 2005, 28, 333-349. [CrossRef] [PubMed]

Duplaga, B.A ; Rivers, C.W.; Nutescu, E. Dosing and monitoring of low molecular-weight heparins. Pharmacotherapy 2001, 21,
218-234. [CrossRef]

Houbouyan, L.; Boutiere, B.; Contant, G.; Dautzenberg, M.D.; Fievet, P.; Potron, G.; Vassault, A.; Gourmelin, Y. Validation protocol
of analytical hemostasis systems: Measurement of anti-Xa activity of low-molecular-weight heparins. Clin. Chem. 1996, 42,
1223-1230. [CrossRef]

Bounameaux, H.; De Moerloose, P. Is laboratory monitoring of low-molecular-weight heparin therapy necessary? No. J. Thromb.
Haemost. 2004, 2, 551-554. [CrossRef]

Leizorovicz, A.; Bara, L.; Samama, M.M.; Haugh, M.C. Factor Xa inhibition: Correlation between the plasma levels of anti-Xa
activity and occurrence of thrombosis and haemorrhage. Haemostasis 1993, 23 (Suppl. 1), 89-98. [CrossRef]

Kovacs, M.J.; Keeney, M.; MacKinnon, K.; Boyle, E. Three different chromogenic methods do not give equivalent anti-Xa levels for
patients on therapeutic low molecular weight or unfractioned heparin. Clin. Lab. Haemost. 1999, 21, 55-60. [CrossRef] [PubMed]
Greaves, M. Limitations of the laboratory monitoring of heparin therapy. Thromb. Haemost. 2002, 87, 163-164. [CrossRef]
[PubMed]

Alhenc-Gelas, M.; Jestin-Le Guernic, C.; Vitoux, ].E; Kher, A.; Aiach, M.; Fiessinger, ].N.; Fragmin study group. Adjusted versus
fixed doses of the low-molecular weight heparin fragmin in the treatment of deep vein thrombosis. Thromb. Haemost. 1992, 71,
698-702.

Artim-Esen, B.; Pericleous, C.; Mackie, I; Ripoll, V.M.; Latchman, D.; Isenberg, D.; Rahman, A.; Ioannou, Y.; Giles, I. Anti-factor Xa
antibodies in patients with antiphospholipid syndrome and their effects upon coagulation assays. Arthritis Res. Ther. 2015, 1, 47.
[CrossRef] [PubMed]

Vandiver, ].W.; Vondracek, T.G. Antifactor Xa levels versus activated partial thromboplastin time for monitoring unfractionated
heparin. Pharmacotherapy 2012, 32, 546-558. [CrossRef]

Schaden, E.; Schober, A.; Hacker, S.; Spiss, C.; Chiari, A.; Kozek-Langenecker, S. Determination of enoxaparin with rotational
thromboelastometry using the prothrombinase-induced clotting time reagent. Blood Coagul. Fibrinol. 2010, 21, 256-261. [CrossRef]


http://doi.org/10.1213/00000539-198805000-00010
http://www.ncbi.nlm.nih.gov/pubmed/3364767
http://doi.org/10.3109/14017438409102391
http://www.ncbi.nlm.nih.gov/pubmed/6611586
http://doi.org/10.1007/s12630-009-9098-6
http://www.ncbi.nlm.nih.gov/pubmed/19408066
http://doi.org/10.1053/j.jvca.2013.10.010
http://doi.org/10.1213/ane.0b013e31818657a3
http://www.ncbi.nlm.nih.gov/pubmed/19224778
http://doi.org/10.1093/bja/aei197
http://doi.org/10.1177/0218492320955065
http://doi.org/10.1016/j.cca.2012.09.029
http://doi.org/10.1182/blood.V79.1.1.1
http://doi.org/10.1378/chest.11-2291
http://www.ncbi.nlm.nih.gov/pubmed/22315264
http://doi.org/10.1056/NEJM199709043371007
http://www.ncbi.nlm.nih.gov/pubmed/9278467
http://doi.org/10.1016/S0140-6736(02)07920-5
http://doi.org/10.1111/j.1538-7836.2005.01672.x
http://www.ncbi.nlm.nih.gov/pubmed/16409456
http://doi.org/10.1016/j.thromres.2020.01.024
http://www.ncbi.nlm.nih.gov/pubmed/32018167
http://doi.org/10.2165/00002018-200528040-00005
http://www.ncbi.nlm.nih.gov/pubmed/15783242
http://doi.org/10.1592/phco.21.2.218.34112
http://doi.org/10.1093/clinchem/42.8.1223
http://doi.org/10.1111/j.1538-7933.2004.00648.x
http://doi.org/10.1159/000216915
http://doi.org/10.1046/j.1365-2257.1999.00183.x
http://www.ncbi.nlm.nih.gov/pubmed/10197265
http://doi.org/10.1055/s-0037-1612960
http://www.ncbi.nlm.nih.gov/pubmed/11848446
http://doi.org/10.1186/s13075-015-0568-7
http://www.ncbi.nlm.nih.gov/pubmed/25890027
http://doi.org/10.1002/j.1875-9114.2011.01049.x
http://doi.org/10.1097/MBC.0b013e328337014c

J. Clin. Med. 2022, 11, 1407 22 of 26

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Schoen, P; Lindhout, T.; Franssen, J.; Hemker, H.C. Low molecular weight heparin-catalyzed inactivation of factor Xa and
thrombin by antithrombin IIl-effect of platelet factor 4. Thromb. Haemost. 1991, 66, 435-441. [CrossRef]

Bendetowicz, A.V.; Kai, H.; Knebel, R.; Caplain, H.; Hemker, H.C.; Lindhout, T.; Béguin, S. The effect of subcutaneous injection of
unfractioned and low molecular weight heparin on thrombin generation in platelet rich plasma- a study in human volunteers.
Thromb. Haemost. 1994, 72, 705-712.

Thomas, O.; Larsson, A.; Tynngard, N.; Schott, U. Thromboelastometry versus free-oscillation rheometry and enoxaparin versus
tinzaparin: An in-vitro study comparing two viscoelastic haemostatic tests” dose-responses to two low molecular weight heparins
at the time of withdrawing epidural catheters from ten patients after major surgery. BMIC Anesthesiol. 2015, 15, 170.

Thomas, O.; Lybeck, E.; Strandberg, K.; Tyngard, N.; Schott, U. Monitoring low molecular weight heparins at therapeutic levels:
Dose-responses of and correlations and differences between aPTT, anti-factor Xa and thrombin generation assays. PLoS ONE
2015, 73, 457-465. [CrossRef]

Mousa, S.A.; Bozarth, J.; Barrett, ].S. Pharmacodynamic proprieties of the low molecular weight heparin, tinzaparin: Effect of
molecular weight distribution on plasma tissue factor pathway inhibitor in healthy human subjects. J. Clin. Pharmacol. 2003, 43,
727-734. [CrossRef] [PubMed]

Feuring, M.; Wehling, M.; Schultz, A. Dalteparin dose-dependently increases ROTEM ®thromboelastometry parameters only at
supratherapeutic anti-factor Xa levels: An in vitro study. Clin. Exp. Pharmacol. Physiol. 2011, 38, 783-786. [CrossRef] [PubMed]
Von Tempelhooff, G.F,; Schelkunov, O.; Demirhan, A.; Tsikouras, P.; Rath, W.; Velten, E.; Csorba, R. Thromboelastometric results
and platelet function during pregnancy in women receiving low molecular weight heparin with a history of recurrent/late
abortion- A retrospective analysis. Clin. Hemor. Microcirc. 2015, 61, 99-110.

Cvirn, G.; Wagner, T.; Juergens, G.; Koestenberg, M. Effects of nadroparin, enoxaparin, and unfractionated heparin on endogenous
factor Xa and Ila formation and on thromboelastometry profiles. Blood Coagul. Fibrinol. 2009, 20, 71-77. [CrossRef] [PubMed]
Jilma-Stohlawetz, P; Fritsche-Polanz, S.; Quehenberg, P.; Schorgenhofer, C.; Bartko, J.; Ristl, R.; Jilma, B. Evaluation of between-,
within- and day-to-day variation of coagulation measured by rotational thromboelastometry (ROTEM). Scand. ]. Clin. Lab.
Investig. 2017, 77, 651-657. [CrossRef]

Christensen, T.D.; Vad, H.; Pedersen, S.; Hornbech, K.; Zois, N.E.; Licht, P.B.; Nybo, M.; Hvas, A.-M. Coagulation profile in
patients undergoing video-assisted thoracoscopic lobectomy: A randomized, controlled trial. PLoS ONE 2017, 15, e0171809.
[CrossRef]

Stanciakova, L.; Dobrotova, M.; Holly, P.; Zolkova, J.; Vadelova, L.; Skornova, I.; Ivankova, J.; Bolek, T.; Samos, M.; Grendar,
M.; et al. How can rotational thromboelastometry as a point-of-care method be useful for the management of secondary
thromboprophylaxis in high-risk regnant patients? Diagnostics 2021, 11, 828. [CrossRef]

Gerotziafas, G.T.; Chakroun, T.; Depasse, F.; Arzoglou, P.; Samama, M.M.; Elalamy, I. The role of platelets and recombinant factor
VIla on thrombin generation, platelet activation and clot formation. Thromb. Haemost. 2004, 91, 977-985.

Chakroun, T.; Gerotziafas, G.T.; Seghatchian, J.; Samama, M.M.; Hatmi, M.; Elalamy, I. The influence of fibrin polymerization and
platelet mediated contractile forces on citrated whole blood thromboelastography profile. Thromb. Haemost. 2006, 95, 822-828.
[CrossRef]

Gerotziafas, G.T.; Chakroun, T.; Samama, M.M.; Elalamy, L. In vitro comparison of the effect of fondaparinux and enoxaparin on
whole blood tissue factor-triggered thromboelastography profile. Thromb. Haemost. 2004, 92, 1296-1302. [CrossRef]

Sorensen, B.; Johansen, P.; Christiansen, K.; Woelke, M.; Ingerslev, ]. Whole blood coagulation thromboelastographic profiles
employing minimal tissue factor activation. J. Thromb. Haemost. 2003, 1, 551-558. [CrossRef] [PubMed]

Parhami-Seren, B.; Butenas, S.; Krudysz-Amblo, J.; Mann, K.G. Immunologic quantitation of tissue factor. J. Thromb. Haemost.
2006, 4, 1747-1755. [CrossRef] [PubMed]

Konstantinidis, K.; Gerasimidis, T.; Verdy, E.; Elalamy, I.; Samama, M.M.; Gerotziafas, G.T. Inhibition of clot formation process by
treatment with the low molecular weight heparin nadroparin in patients with carotid artery disease undergoing angioplasty and
stenting. A thromboelastography study on whole blood. Thromb. Haemost. 2007, 97, 109-118. [CrossRef] [PubMed]

Orlander, E; Schott, U. Monitoring of low molecular weight heparin thromboprophylaxis with alternative methods to anti-factor
Xa. Anesth. Med. Pract. |. 2021, 5, 136.

Mehta, S.R.; Granger, C.B.; Eikelboom, J.W.; Bassand, J.P.; Wallentin, L.; Faxon, D.P.; Peters, R]J.G.; Budaj, A.; Afzal, R,;
Chrolavicius, S.; et al. Efficacy and safety of fondaparinux versus enoxaparin in patients with acute coronary syndromes
undergoing percutaneous coronary intervention: Results from the OASIS-5 trial. ]. Am. Coll. Cardiol. 2007, 50, 1742-1751.
[CrossRef] [PubMed]

Turpie, A.G.; Gallus, A.S.; Hoek, ].A. Pentasaccharide Investigators. A synthetic pentasaccharide for the prevention of deep-vein
thrombosis after total hip replacement. N. Engl. . Med. 2001, 344, 619-625. [CrossRef] [PubMed]

Hirsh, J.; Bauer, K.A.; Donati, M.B.; Gould, M.; Samama, M.M.; Weitz, J.I. Parenteral anticoagulants: American College of Chest
Physicians Evidence-Based Clinical Practice Guidelines (8th Edition). Chest 2008, 133, 1415-159S. [CrossRef]

Young, G.; Yonekawa, K.E.; Nakagawa, P.A.; Blain, R.C.; Lovejoy, A.E.; Nugent, D.]. Recombinant activated factor VII effectively
reverses the anticoagulant effects of heparin, enoxaparin, fondaparinux, argatroban, and bivalirudin ex vivo as measured using
thromboelastography. Blood Coagul. Fibrinolysis 2007, 18, 547-553. [CrossRef]

Gatt, A.; van Veen, ].].; Wolley, A.M.; Kitchen, S.; Cooper, P.; Makris, M. Thrombin generation assays are superior to traditional
tests in assessing anticoagulation reversal in vitro. Thromb. Haemost. 2008, 100, 350-355. [CrossRef]


http://doi.org/10.1055/s-0038-1646434
http://doi.org/10.1371/journal.pone.0116835
http://doi.org/10.1177/0091270003254793
http://www.ncbi.nlm.nih.gov/pubmed/12856386
http://doi.org/10.1111/j.1440-1681.2011.05593.x
http://www.ncbi.nlm.nih.gov/pubmed/21883380
http://doi.org/10.1097/MBC.0b013e32831d0f80
http://www.ncbi.nlm.nih.gov/pubmed/20339323
http://doi.org/10.1080/00365513.2017.1394487
http://doi.org/10.1371/journal.pone.0171809
http://doi.org/10.3390/diagnostics11050828
http://doi.org/10.1160/TH05-07-0500
http://doi.org/10.1160/TH03-11-0694
http://doi.org/10.1046/j.1538-7836.2003.00075.x
http://www.ncbi.nlm.nih.gov/pubmed/12871465
http://doi.org/10.1111/j.1538-7836.2006.02000.x
http://www.ncbi.nlm.nih.gov/pubmed/16879217
http://doi.org/10.1160/TH05-10-0701
http://www.ncbi.nlm.nih.gov/pubmed/17200777
http://doi.org/10.1016/j.jacc.2007.07.042
http://www.ncbi.nlm.nih.gov/pubmed/17964037
http://doi.org/10.1056/NEJM200103013440901
http://www.ncbi.nlm.nih.gov/pubmed/11228275
http://doi.org/10.1378/chest.08-0689
http://doi.org/10.1097/MBC.0b013e328201c9a9
http://doi.org/10.1160/TH07-05-0357

J. Clin. Med. 2022, 11, 1407 23 of 26

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Eller, T.; Busse, J.; Dittrich, M.; Flieder, T.; Alban, S.; Knabbe, C.; Birschmann, I. Dabigatran, rivaroxaban, apixaban, argatroban
and fondaparinux and their effects on coagulation POC and platelet function tests. Clin. Chem. Lab. Med. 2014, 52, 835-844.
[CrossRef]

Godier, A.; Durand, M.; Emmerich, J.; Dizier, B.; Lecompte, T.; Samama, C.M. Efficacy of prothrombin complex concentrate to
reverse the anticoagulant effect of the pentasaccharide fondaparinux in a rabbit model. Thromb. Haemost. 2011, 105, 161-168.
[PubMed]

Linkins, L.A.; Dans, A.L.; Moores, L.K.; Bona, R.; Davidson, B.L.; Schulman, S.; Crowther, M. American College of Chest
Physicians. Treatment and prevention of heparin induced thrombocytopenia: American College of Chest Physicians Evidence-
Based Clinical Practice Guidelines. 9th ed. Chest 2012, 141 (Suppl. 2), e4955-e530S. [CrossRef] [PubMed]

Prince, M.; Wenham, T. Heparin-induced thrombocytopenia. Postgrad. Med. J. 2018, 94, 453-457. [CrossRef] [PubMed]

Swan, S.K.; Hursting, M.]. The pharmacokinetics and pharmacodynamics of argatroban: Effects of age, gender, and hepatic or
renal dysfunction. Pharmacotherapy 2000, 20, 318-329. [CrossRef]

Hursting, M.].; Joffrion, J.L.; Brooks, R.L.; Swan, S.K. Effect of renal function on the pharmacokinetics and pharmacodynamics of
argatroban (a direct thrombin inhibitor). Blood 1996, 88 (Suppl. 1).

Guy, S; Kitchen, S.; Maclean, R.; Van Veen, ].J. Limitation of the activated partial thromboplastin time as a monitoring method of
the direct thrombin inhibitor argatroban. Int. J. Lab. Hematol. 2015, 37, 834-843. [CrossRef]

Keyl, C.; Zimmer, E.; Bek, M.].; Wiessner, M.; Trenk, D. Argatroban pharmacokinetics and pharmacodynamics in critically ill
cardiac surgical patients with suspected heparin-induced thrombocytopenia. Thromb. Haemost. 2016, 115, 1081-1089.

Seidel, H.; Kolde, H.]. Monitoring of Argatroban and Lepirudin: What is the Input of Laboratory Values in “Real Life”? Clin.
Appl. Thromb. Hemost. 2018, 24, 287-294. [CrossRef]

Guy, S.; Kitchen, S.; Makris, M.; Maclean, R.; Saccullo, G.; Vanveen, ].J. Caution in Using the Activated Partial Thromboplastin
Time to Monitor Argatroban in COVID-19 and Vaccine-Induced Immune Thrombocytopenia and Thrombosis (VITT). Clin. Appl.
Thromb. Hemost. 2021, 27, 10760296211066945. [CrossRef]

Williamson, D.R.; Boulager, I.; Tardif, M.; Albert, M.; Grégoire, G. Argatroban dosing in intensive care patients with acute renal
failure and liver dysfunction. Pharmacotherapy 2004, 24, 409-414. [CrossRef]

Warkentin, T.E. Anticoagulant failure in coagulopathic patients: PTT confounding and other pitfalls. Expert Opin. Drug Saf. 2014,
13,25-43. [CrossRef] [PubMed]

Engstrom, M.; Rundgren, M.; Schott, U. An evaluation of monitoring possibilities of argatroban using rotational thromboelastom-
etry and activated partial thromboplastin time. Acta Anaesth. Scand. 2010, 54, 86-91. [CrossRef] [PubMed]

Schaden, E.; Schober, A.; Hacker, S.; Kozek-Langenecker, S. Ecarin modified rotational thromboelastometry: A point—of-care
applicable alternative to monitor the direct thrombin inhibitor argatroban. Wien. Klin. Wochenschr. 2013, 125, 156-159. [CrossRef]
Beiderlinden, M.; Werner, P.; Bahlmann, A.; Kemper, J.; Brezina, T.; Schifer, M.; Gorlinger, K.; Seidel, H.; Kienbaum, P.; Treschan,
T.A,; et al. Monitoring of argatroban and lepirudin anticoagulation in critically ill patients by conventional laboratory parameters
and rotational thromboelastometry- a prospectively controlled randomized double-blind clinical trial. BMIC Anesthesiol. 2018, 18, 18.
[CrossRef] [PubMed]

Warkentin, T.E.; Koster, A. Bivalirudin: A review. Expert Opin. Pharmacother. 2005, 6, 1349-1371. [CrossRef] [PubMed]

Irving, F; Adrian, D.; Peter, L.; Jane, E.; Elizabeth, L.; Don, H.; Tim, M.; John, W.; John, M. Anticoagulant activity of HirulogTM, a
direct thrombin inhibitor, in humans. Thromb. Haemost. 1993, 69, 157-163.

Terauya, J.; Hensch, L.; Bruzdoski, K.; Adachi, I.; Rochy Hui, S.-K.; Kostousov, V. Monitoring bivalirudin therapy in children on
extracorporeal circulatory support device: Thromboelastometry versus routine coagulation testing. Thromb. Res. 2020, 186, 54-57.
[CrossRef]

Kirchhof, P,; Benussi, S.; Kotecha, D.; Ahlsson, A.; Atar, D.; Casadei, B.; Castella, M.; Diener, H.-C.; Heidbuchel, H.; Hendriks, J.;
et al. ESC Scientific Document Group- 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration
with EACTS. Eur. Heart ]. 2016, 37, 2893-2962. [CrossRef]

Pengo, V.; Pegoraro, C.; Cucchini, U.; Iliceto, S. Worldwide management of oral anticoagulant therapy: The ISAM study. J. Thromb.
Thrombol. 2006, 21, 73-77. [CrossRef]

Witt, D.M.; Clark, N.P,; Kaatz, S.; Schnurr, T.; Ansell, ].E. Guidance for the practical management of warfarin therapy in the
treatment of venous thromboembolism. J. Thromb. Thrombol. 2016, 41, 187-205. [CrossRef]

Aronis, K.N.; Hylek, E.M. Evidence gaps in the era of non-vitamin K oral anticoagulants. J. Am. Heart Assoc. 2018, 7, e007338.
[CrossRef]

Haykal, T.; Adam, S.; Bala, A.; Zayed, Y.; Deliwala, S.; Kerbage, J.; Ponnapalli, A.; Malladi, S.; Samji, V.; Ortel, T.L. Thrombopro-
phylaxis for orthopedic surgery: An updated meta-analysis. Thromb. Res. 2021, 199, 43-53. [CrossRef]

Holbrook, A.M.; Pereira, ].A.; Labinis, R.; McDonald, H.; Douketis, J.D.; Crowther, M.; Wells, P.S. Systematic overview of warfarin
and its drug and food interactions. Arch. Int. Med. 2005, 165, 1095-1106. [CrossRef]

Ansell, J.; Hirsh, J.; Hylek, E.; Jacobson, A.; Crowther, M.; Palareti, G. Pharmacology and management of the vitamin K
antagonists: American College of Chest Physician evidence-based clinical practice guidelines (8th Edition). Chest 2008, 133,
160S-198S. [CrossRef]

Barcellona, D.; Vannini, M.L.; Fenu, L.; Balestrieri, C.; Marongiu, F. Warfarin or acenocoumarol: Which is better in the management
of oral anticoagulant? Thromb. Haemost. 1998, 80, 899-902. [CrossRef]


http://doi.org/10.1515/cclm-2013-0936
http://www.ncbi.nlm.nih.gov/pubmed/20941458
http://doi.org/10.1378/chest.11-2303
http://www.ncbi.nlm.nih.gov/pubmed/22315270
http://doi.org/10.1136/postgradmedj-2018-135702
http://www.ncbi.nlm.nih.gov/pubmed/30126928
http://doi.org/10.1592/phco.20.4.318.34881
http://doi.org/10.1111/ijlh.12414
http://doi.org/10.1177/1076029617699087
http://doi.org/10.1177/10760296211066945
http://doi.org/10.1592/phco.24.4.409.33168
http://doi.org/10.1517/14740338.2013.823946
http://www.ncbi.nlm.nih.gov/pubmed/23971903
http://doi.org/10.1111/j.1399-6576.2009.02082.x
http://www.ncbi.nlm.nih.gov/pubmed/19719819
http://doi.org/10.1007/s00508-013-0327-1
http://doi.org/10.1186/s12871-018-0475-y
http://www.ncbi.nlm.nih.gov/pubmed/29426286
http://doi.org/10.1517/14656566.6.8.1349
http://www.ncbi.nlm.nih.gov/pubmed/16013985
http://doi.org/10.1016/j.thromres.2019.12.007
http://doi.org/10.1093/eurheartj/ehw210
http://doi.org/10.1007/s11239-006-5580-y
http://doi.org/10.1007/s11239-015-1319-y
http://doi.org/10.1161/JAHA.117.007338
http://doi.org/10.1016/j.thromres.2020.12.007
http://doi.org/10.1001/archinte.165.10.1095
http://doi.org/10.1378/chest.08-0670
http://doi.org/10.1055/s-0037-1615385

J. Clin. Med. 2022, 11, 1407 24 of 26

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

Horsti, ]. Comparison of Quick and Owren prothrombin time with regard to the harmonization of the International Normalized
Ratio (INR) system. Clin. Chem. Lab. Med. 2002, 40, 399-403. [CrossRef]

Haraldsson, H.M.; Onundarson, P.T.; Einarsdottir, K.A.; Gudmundsdottir, B.R.; Petursson, M.K.; Palsson, K.; Kristinsson, A.
Performance of prothrombin-proconvertin time as a monitoring test of oral anticoagulation therapy. Am. J. Clin. Pathol. 1997, 107,
672-680. [CrossRef]

Van der Meer, F; Rosentaal, F; Vanderbroucke, J.; Briet, E. Bleeding complications in oral anticoagulant therapy. Arch. Int. Med.
1993, 153, 1557-1562. [CrossRef]

Schmidt, D.E.; Holmstrom, M.; Majeed, A.; Naslin, D.; Wallén, H.; Agren, A. Detection of elevated INR by thromboelastometry
and thromboelastography in warfarin treated patients and healthy controls. Thromb. Res. 2015, 135, 1007-1011. [CrossRef]
Schmidt, D.E.; Chaireti, R.; Bruzelius, M.; Holmstrom, M.; Antovic, J.; Agren, A. Correlation of thromboelastography and
thrombin generation assays in warfarin-treated patients. Thromb. Res. 2019, 178, 34—40. [CrossRef]

Nilsson, C.U.; Strandberg, K.; Reinstrup, P. Warfarin monitoring with viscoelastic haemostatic assays, thrombin generation,
coagulation factors and correlations of Owren and Quick prothrombin time. Scan. J. Clin. Lab. Investig. 2018, 78, 358-364.
[CrossRef] [PubMed]

Gudmundsdottir, B.R.; Francis, C.W.; Bjornsdottir, A.M.; Nellbring, M.; Onundarson, P.T. Critical role of factors I and X during
coumadin anticoagulation and their combined measurement with a new Fiix-prothrombin time. Thromb. Res. 2012, 130, 674-681.
[CrossRef] [PubMed]

Xi, M.; Beguin, S.; Hemker, H.C. The relative importance of the factors II, VII, IX and X for the prothrombinase activity in plasma
of orally anticoagulated patients. Thromb. Haemost. 1989, 62, 788-791. [CrossRef] [PubMed]

Rumph, B.; Bolliger, D.; Narang, N.; Molinaro, R.J.; Levy, ] H.; Szlam, F,; Tanaka, K.A. In vitro comparative study of hemostatic
components in warfarin-treated and fibrinogen-deficient plasma. J. Cardiothorac. Vasc. Anesth. 2010, 24, 408-412. [CrossRef]
[PubMed]

Spiezia, L.; Rossetto, V.; Campello, E.; Bulato, C.; Radu, C.M.; Simioni, P. Thrombin generation and thromboelastometry in
monitoring the in-vitro reversal of warfarin: Comparison between 3-factor and 4-factor prothrombin complex concentrates. Blood
Coagul. Fibrinol. 2020, 31, 127-131. [CrossRef]

Bonderski, V.A,; Portillo, J.; Sharp, L.; Rech, M. Thromboelastometry-guided anticoagulation reversal in a patient with ventricular
assist device with intracranial hemorrhage. Am. J. Emerg. Med. 2020, 41, e5-€265. [CrossRef]

Blasi, A.; Mufioz, G.; de Soto, I.; Mellado, R.; Taura, P; Rios, ].; Balust, J.; Beltran, J. Reliability of thromboelastometry for detecting
the safe coagulation threshold in patients taking acenocoumarol after elective heart valve replacement. Thromb. Res. 2015, 136,
669-672. [CrossRef]

Steffel, J.; Verhamme, P,; Potpara, T.S.; Albaladejo, P.; Antz, M.; Desteghe, L.; Haeusler, K.G.; Olgren, ].; Reinecke, H.; Roldan-
Schilling, V.; et al. The 2018 European Heart Rhythm Association Pratical Guide on the use of non-vitamin K antagonist oral
anticoagulants in patients with atrial fibrillation. Eur. Heart ]. 2018, 39, 1330-1393. [CrossRef]

Russo, V.; Cattaneo, D.; Giannetti, L.; Bottino, R.; Laezza, N.; Apripaldi, U.; Clementi, E. Pharmacokinetics of direct oral
anticoagulant in patients with atrial fibrillation and extreme obesity. Clin. Ther. 2021, 43, e255-€263. [CrossRef]

Brinkman, H.J. Global assay and management of oral anticoagulation. Thromb. J. 2015, 10, 9. [CrossRef]

Caturano, A.; Galiero, R.; Pafundi, P.C. Atrial fibrillation and stroke. A review on the use of vitamin K antagonists and novel oral
anticoagulants. Medicina 2019, 55, 617. [CrossRef] [PubMed]

Gosselin, R.C.; Adcock, D.M. The laboratory’s 2015 perspective on direct oral anticoagulant testing. J. Thromb. Haemost. 2016, 14,
886-893. [CrossRef] [PubMed]

Hillarp, A.; Baghaei, F; Fagerberg Blixter, I.; Gustafsson, K.M.; Stigendal, L.; Sten-Linder, M.; Strandberg, K.; Lindahl, T.L. Effect
of the oral, direct factor Xa inhibitor rivaroxaban on commonly used coagulation assays. J. Thromb. Haemost. 2011, 9, 133-139.
[CrossRef]

Barrett, Y.C.; Wang, Z.; Frost, C.; Shenker, A. Clinical laboratory measurement of direct factor Xa inhibitors: Anti-Xa assay is
preferable to prothrombin time assay. Thromb. Haemost. 2010, 104, 1263-1271.

Lippi, G.; Ardissino, D.; Quintavalla, R.; Cervellin, G. Urgent monitoring of direct oral anticoagulants in patients with atrial
fibrillation: A tentative approach based on routine laboratory tests. J. Thromb. Thrombol. 2014, 38, 269-274. [CrossRef] [PubMed]
Noguez, ].H,; Ritchie, J.C. Quantification of the oral anticoagulants dabigatran, rivaroxaban, apixaban, and warfarin in plasma
using ultra-performance liquid chromatography with tandem mass spectrometry (UPLC-MS/MS). Methods Mol. Biol. 2016, 1383,
21-27.

Hanada, K.; Matsumoto, S.I.; Shibata, S.; Matsubara, H.; Tsukimura, Y.; Takahashi, H. Quantitative LC/MSMS method for
determination of edoxaban, a Xa inhibitor and its pharmacokinetic application in patients after knee arthroplasty. Biomed.
Chromatogr. 2018, 32, e4213. [CrossRef] [PubMed]

Tsantes, E.A ; Kyriakou, E.; Ikonomidis, I.; Katogiannis, K.; Papadakis, I.; Douramani, P.; Kopterides, P.; Kapsimali, V.; Lekakis,
J.; Tsangaris, I.; et al. Comparative assessment of the anticoagulant activity of rivaroxaban and dabigatran in patients with
nonvalvular atrial fibrillation. Medicine 2016, 95, €3037. [CrossRef]

Vedovati, M.C.; Mosconi, M.G.; Isidori, F.; Agnelli, G.; Becattini, C. Global thromboelastometry in patients receiving direct oral
anticoagulants: The RO-DOA study. J. Thromb. Thrombol. 2020, 49, 251-258. [CrossRef]


http://doi.org/10.1515/CCLM.2002.064
http://doi.org/10.1093/ajcp/107.6.672
http://doi.org/10.1001/archinte.1993.00410130073007
http://doi.org/10.1016/j.thromres.2015.02.022
http://doi.org/10.1016/j.thromres.2019.03.022
http://doi.org/10.1080/00365513.2018.1474492
http://www.ncbi.nlm.nih.gov/pubmed/29792060
http://doi.org/10.1016/j.thromres.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22225856
http://doi.org/10.1055/s-0038-1646904
http://www.ncbi.nlm.nih.gov/pubmed/2814925
http://doi.org/10.1053/j.jvca.2009.07.012
http://www.ncbi.nlm.nih.gov/pubmed/19819728
http://doi.org/10.1097/MBC.0000000000000887
http://doi.org/10.1016/j.ajem.2020.08.054
http://doi.org/10.1016/j.thromres.2015.07.003
http://doi.org/10.1093/eurheartj/ehy136
http://doi.org/10.1016/j.clinthera.2021.07.003
http://doi.org/10.1186/s12959-015-0037-1
http://doi.org/10.3390/medicina55100617
http://www.ncbi.nlm.nih.gov/pubmed/31547188
http://doi.org/10.1111/jth.13266
http://www.ncbi.nlm.nih.gov/pubmed/26791879
http://doi.org/10.1111/j.1538-7836.2010.04098.x
http://doi.org/10.1007/s11239-014-1082-5
http://www.ncbi.nlm.nih.gov/pubmed/24811247
http://doi.org/10.1002/bmc.4213
http://www.ncbi.nlm.nih.gov/pubmed/29451685
http://doi.org/10.1097/MD.0000000000003037
http://doi.org/10.1007/s11239-019-01956-0

J. Clin. Med. 2022, 11, 1407 25 of 26

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Korpallova, B.; Samos, M.; Skornova, I; Bolek, T.; Zolkova, J.; Vadelova, L.; Kubisz, P.; Galajda, P.; Stasko, J.; Mokan, M. Assessing
the hemostasis with thromboelastometry in direct oral anticoagulants-treated patients with atrial fibrillation. Thromb. Res. 2020,
191, 38-41. [CrossRef]

Levy, ].H.; Ageno, W.; Chen, N.C.; Crowther, M.; Verhamme, P.; Weitz, J.I. Subcommittee on Control of Anticoagulation. When
and how to use antidotes for the reversal of direct oral anticoagulants: Guidance from the SSC of the ISTH. ]. Thromb. Haemost.
2016, 14, 623-627. [CrossRef] [PubMed]

Henskens, YM.C.; Gulpen, A.J.W.; van Oerle, R.; Wetzels, R.; Verhezen, P.; Spronk, H.; Schalla, S.; Crijns, H.I.; Ten Cate, H.; Ten
Cate-Hoek, A. Detecting clinically relevant rivaroxaban or dabigatran levels by routine coagulation tests or thromboelastography
in a cohort of patients with atrial fibrillation. Thromb. J. 2018, 16, 3. [CrossRef] [PubMed]

Taune, V.; Wallen, H.; Agren, A.; Gryfelt, G.; Sjovik, C.; Wintler, A.M.; Malmstrom, R.E.; Wikman, A.; Skeppholm, M. Whole blood
coagulation assays ROTEM and T-TAS to monitor dabigatran treatment. Thromb. Res. 2017, 153, 76-82. [CrossRef] [PubMed]
Hermann, R.; Thom, J.; Wood, A.; Phillips, M.; Muhammad, S.; Baker, R. Thrombin generation using the calibrated automated
thrombinoscope to assess reversibility of dabigatran and rivaroxaban. Thromb. Haemost. 2014, 111, 989-995.

Klages, M.; Raimann, E]J.; Philipp, A.L.; Lindhoff-Last, E.; Zacharowski, K.; Mutlak, H. Direct oral anticoagulant in point-of-care
monitoring: An ex-vivo study. Minerva Anestesiol. 2021, 87, 514-522. [CrossRef]

Comuth, W.J.; Henriksen, L.O.; van de Kerkhof, D.; Husted, S.E.; Kristensen, S.D.; de Maat, M.PM.; Munster, A.-M.B. Compre-
hensive characteristics of the anticoagulant activity of dabigatran in relation to its plasma concentration. Thromb. Res. 2018, 164,
32-39. [CrossRef]

Sokol, J.; Nehaj, F; Ivankova, J.; Mokan, M.; Zolkova, ].; Lisa, L.; Linekova, L.; Mokan, M.; Stasko, J. Impact of dabigatran
treatment on rotation thromboelastometry. Clin. Appl. Thromb. Hemost. 2021, 27, 1076029620983902. [CrossRef]

Korber, M.K,; Langer, E.; Kohr, M.; Wernecke, K.D.; Korte, W.; von Heymann, C. In vitro and ex vivo measurement of prophylatic
dabigatran concentrations with a new ecarin-based thromboelastometry test. Transfus. Med. Hemother. 2017, 44, 100-105.
[CrossRef]

Schifer, S.T.; Wiederkehr, T.; Kammerer, T.; Acevedo, A.C.; Feil, K; Kellert, L.; Gorlinger, K.; Hinske, L.C.; Groene, P. Real-time
detection, and differentiation of direct oral anticoagulants (rivaroxaban and dabigatran) using modified thromboelastometric
reagents. Thromb. Res. 2020, 190, 103-111. [CrossRef]

Taune, V.; Skeppholm, M.; Agren, A.; Gryfelt, G.; Malmstrom, R.E.; Van Ryn, J.; Wallén, H. Rapid determination of anticoagulant
effects of dabigatran in whole blood with rotational thromboelastometry and thrombin-based trigger. J. Thromb. Haemost. 2018,
16, 2462-2470. [CrossRef]

Seyve, L.; Richarme, C.; Polack, B.; Marlu, R. Impact of four direct oral anticoagulants on rotational thromboelastometry (ROTEM).
Int. |. Lab. Hematol. 2018, 40, 84-93. [CrossRef] [PubMed]

Mahamad, S.; Chaudhry, H.; Nisenbaum, R.; McFarlan, A.; Rizoli, S.; Ackery, L.; Sholzberg, M. Exploring the effect of factor Xa
inhibitors on rotational thromboelastometry: A case series of bleeding patients. J. Thromb. Thrombol. 2019, 47, 272-279. [CrossRef]
[PubMed]

Escolar, G.; Fernandez-Gallego, V.; Arellano-Rodrigo, E.; Roquer, J.; Reverter, ].C.; Sanz, V.V.; Molina, P; Lopez-Vilchez, I;
Diaz-Ricart, M.; Galan, A.M. Reversal of apixaban induced alterations in hemostasis by different coagulation factor concentrates
significance of studies in vitro with circulating human blood. PLoS ONE 2013, 8, e78696. [CrossRef]

Adelmann, D.; Wiegele, A.; Wohlgemuth, R K.; Koch, S.; Frantal, S.; Quehenberger, P.; Scharbert, G.; Kozek-Langenecker, S.;
Schaden, E. Measuring the activity of apixaban and rivaroxaban with rotational thromboelastometry. Thromb. Res. 2014, 134,
918-923. [CrossRef] [PubMed]

Pailleret, C.; Jourdi, G.; Siguret, V.; Gouin-Thibault, I.; Gandrille, S.; Stefanian, A.; Curis, E.; Golmard, J.-L.; Gaussem, P; Le
Bonniec, B.; et al. Modified ROTEM for the detection of rivaroxaban and apixaban anticoagulant activity in whole blood. Eur. J.
Anaesthesiol. 2019, 35, 449-456. [CrossRef] [PubMed]

Kyriakou, E.; Katogiannis, K.; Ikonomidis, I.; Giallouros, G.; Nikolopuolos, G.K.; Rapti, E.; Taichert, M.; Pantavou, K.; Gialeraki,
A.; Kousathana, F; et al. Laboratory assessment of the anticoagulant activity of apixaban in patients with nonvalvular atrial
fibrillation. Clin. Appl. Thromb. Hemost. 2018, 24, 1945-201S. [CrossRef]

Schenk, B.; Wurtinger, P.; Streif, W.; Sturm, W.; Fries, D.; Bachler, M. Ex vivo reversal of effects of rivaroxaban evaluated using
thromboelastometry and thrombin generation assay. Br. J. Anaesth. 2016, 117, 583-591. [CrossRef]

Casutt, M.; Konrad, C.; Schuepfer, G. Effect of rivaroxaban on blood coagulation using the viscoelastic coagulation test ROTEM.
Anaesthesist 2012, 61, 948-953. [CrossRef]

Chojnowski, K.; Gorski, T.; Robak, M.; Trelinski, J. Effects of rivaroxaban therapy on ROTEM coagulation parameters in patients
with venous thromboembolism. Adv. Clin. Exp. Med. 2015, 24, 995-1000. [CrossRef]

Oswald, E.; Velik-Salchnera, C.; Innerhofera, P.; Taubera, H.; Auckenthalerb, T.; Ulmerc, H.; Streifd, W. Results of rotational throm-
boelastometry, coagulation activation markers and thrombin generation assays in orthopedic patients during thromboprophylaxis
with rivaroxaban and enoxaparin: A prospective cohort study. Blood Coagul. Fibrinol. 2015, 26, 136-144. [CrossRef]

Kubitza, D.; Becka, M.; Voith, B.; Zuehlsdorf, M.; Wensing, G. Safety, pharmacodynamics, and pharmacokinetics of single doses
of BAY 59-79-39, an oral, direct factor Xa inhibitor. Clin. Pharmacol. Ther. 2005, 78, 412-421. [CrossRef]


http://doi.org/10.1016/j.thromres.2020.04.038
http://doi.org/10.1111/jth.13227
http://www.ncbi.nlm.nih.gov/pubmed/26911798
http://doi.org/10.1186/s12959-017-0160-2
http://www.ncbi.nlm.nih.gov/pubmed/29434525
http://doi.org/10.1016/j.thromres.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28347811
http://doi.org/10.23736/S0375-9393.21.14788-1
http://doi.org/10.1016/j.thromres.2018.02.141
http://doi.org/10.1177/1076029620983902
http://doi.org/10.1159/000470622
http://doi.org/10.1016/j.thromres.2020.04.019
http://doi.org/10.1111/jth.14308
http://doi.org/10.1111/ijlh.12744
http://www.ncbi.nlm.nih.gov/pubmed/28980758
http://doi.org/10.1007/s11239-018-1785-0
http://www.ncbi.nlm.nih.gov/pubmed/30506352
http://doi.org/10.1371/journal.pone.0078696
http://doi.org/10.1016/j.thromres.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25179518
http://doi.org/10.1097/EJA.0000000000000903
http://www.ncbi.nlm.nih.gov/pubmed/30308522
http://doi.org/10.1177/1076029618802364
http://doi.org/10.1093/bja/aew259
http://doi.org/10.1007/s00101-012-2091-4
http://doi.org/10.17219/acem/42147
http://doi.org/10.1097/MBC.0000000000000203
http://doi.org/10.1016/j.clpt.2005.06.011

J. Clin. Med. 2022, 11, 1407 26 of 26

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Perzborn, E.; Heitmeier, S.; Laux, V.; Buchmuller, A. Reversal of rivaroxaban-induced anticoagulation with prothrombin complex
concentrate, activated prothrombin complex concentrate and recombinant activated factor VII in vitro. Thromb. Res. 2014, 133,
671-681. [CrossRef]

Fontana, P.; Alberio, L.; Angelillo-Scherrer, A.; Asmis, L.A.; Korte, W.; Mendez, A.; Schmid, P.; Stricker, H.; Studt, ].-D.; Tsakiris,
D.A.; et al. Impact of rivaroxaban on point-of-care assays. Thromb. Res. 2017, 153, 65-70. [CrossRef]

Havrdova, M.; Saari, T.IL; Jalonen, J.J.; Peltoniemi, M.; Kurkela, M.; Vahlberg, T.; Tienhaara, A.; Backman, ].Y.; Olkkola, K.T.;
Schramko, A.; et al. Relationship of edoxaban plasma concentration of blood coagulation in healthy volunteers using standard
laboratory tests and viscoelastic analysis. J. Clin. Pharm. 2021, 61, 522-530. [CrossRef]

Honickel, M.; Braunschweig, T.; van Ryn, J.; ten Cate, H.; Spronk, HM.H.; Roissant, R.; Grottke, O. Prothrombin complex
concentrate is effective in treating the anticoagulant effects of dabigatran in a porcine polytrauma model. Anesthesiology 2015, 123,
1350-1361. [CrossRef]

Grottke, O.; van Ryn, J.; Spronk, H.M.; Rossaint, R. Prothrombin complex concentrates and a specific antidote to dabigatran are
effective ex-vivo in reversing the effects of dabigatran in an anticoagulation/liver trauma experimental model. Crit. Care 2014, 18, R27.
[CrossRef]

Dinkelaar, J.; Patiwael, S.; Harenberg, J.; Leyte, A.; Brinkman, H.J. Global coagulation tests: Their applicability for measuring
direct factors Xa and thrombin inhibition and reversal of anticoagulation by prothrombin complex concentrate. Clin. Chem. Lab.
Med. 2014, 52, 1615-1623. [CrossRef]

Honickel, M.; Treutler, S.; van Ryn, J.; Tillmann, S.; Roissant, R.; Grottke, O. Reversal of dabigatran anticoagulation ex vivo:
Porcine study comparing prothrombin complex concentrates and idarucizumab. Thromb. Haemost. 2015, 113, 728-740. [CrossRef]
Akman, N.; Braunschweig, T.; Honickel, M.; Schiitt, K.; Schochl, H.; Stoppe, C.; Rossaint, R.; Grottke, O. Reversal of dabigatran by
intraosseous or intravenous idarucizumab in a porcine polytrauma model. Br. J. Anaesth. 2018, 120, 978-987. [CrossRef]
Takeshita, S.; Tanaka, K.A.; Sawa, T.; Sanda, M.; Mizobe, T.; Ogawa, S. Whole blood point-of-care testing for incomplete reversal
with idarucizumab in supratherapeutic dabigatran. Anesth. Analg. 2020, 130, 535-541. [CrossRef]

Schulz, N.H.; Tran, H.Y.Y,; Bjornsen, S.; Henriksson, C.E.; Sandset, PM.; Holme, P.A. The reversal effect of prothrombin complex
concentrate (PCC), activated PCC and recombinant activated factor VII against anticoagulation of Xa inhibitor. Thromb. |. 2017, 15, 6.
[CrossRef] [PubMed]

Korber, M.K,; Langer, E.; Ziemer, S.; Perzborn, E.; Gericke, C.; von Heymann, C. Measurement and reversal of prophylactic and
therapeutic peak levels of rivaroxaban: An in vitro study. Clin. Appl. Thromb. Hemost. 2014, 20, 735-740. [CrossRef] [PubMed]
Korber, M.K.; Langer, E.; Kaufner, L.; Sander, M.; von Heymann, C. In vitro reversal of supratherapeutic rivaroxaban levels with
coagulation factor concentrates. Blood Transf. 2016, 14, 481-486.

Bar, J.; David, A.; Khader, T.; Mulcare, M.; Tedeschi, C. Assessing coagulation by rotational thromboelastometry (ROTEM) in
rivaroxaban-anticoagulated blood using hemostatic agents. Prehosp. Dis. Med. 2017, 32, 580-587. [CrossRef]

Schenk, B.; Goerke, S.; Helbok, R.; Fries, D.; Bachler, M. Four-factor prothrombin complex concentrate improves thrombin
generation and prothrombin time in patients with bleeding complications related to rivaroxaban: A single-center pilot trial.
Thromb. |. 2018, 16, 1. [CrossRef]

Martin, A.C.; Gouin-Thibault, L; Siguret, V.; Mordohay, A.; Samama, C.-M.; Gaussem, P.; Le Bonniec, B.; Godier, A. Multimodal
assessment of non-specific hemostatic agents for apixaban reversal. J. Thromb. Haemost. 2015, 115, 426-436. [CrossRef]

Schmidt, K.; Kruger, K.; Langer, E.; Schmutzler, M.; Johnen, E.; Wernecke, K.D.; von Heymann, C.; Koérber, M.K. Reversal of
apixaban induced alterations in haemostasis by different coagulation factor concentrates in patients after hip or knee replacement
surgery. Blood Transf. 2019, 17, 157-162.

Schifer, S.T.; Otto, A.-C.; Acevedo, A.-C.; Gorlinger, K.; Massberg, S.; Kammerer, T.; Groene, P. Point-of-care detection, and
differentiation of anticoagulant therapy-development of thromboelastometry-guided decision-making support algorithms.
Thromb. J. 2021, 19, 63. [CrossRef]


http://doi.org/10.1016/j.thromres.2014.01.017
http://doi.org/10.1016/j.thromres.2017.03.019
http://doi.org/10.1002/jcph.1758
http://doi.org/10.1097/ALN.0000000000000863
http://doi.org/10.1186/cc13717
http://doi.org/10.1515/cclm-2014-0307
http://doi.org/10.1160/TH14-08-0712
http://doi.org/10.1016/j.bja.2018.01.027
http://doi.org/10.1213/ANE.0000000000004419
http://doi.org/10.1186/s12959-017-0129-1
http://www.ncbi.nlm.nih.gov/pubmed/28239301
http://doi.org/10.1177/1076029613494468
http://www.ncbi.nlm.nih.gov/pubmed/23832064
http://doi.org/10.1017/S1049023X17006641
http://doi.org/10.1186/s12959-017-0158-9
http://doi.org/10.1111/jth.12830
http://doi.org/10.1186/s12959-021-00313-7

	Introduction 
	ROTEM Device 
	Parenteral Anticoagulation 
	Unfractionated Heparin 
	Low-Molecular-Weight Heparins 
	Fondaparinux 
	Direct Thrombin Inhibitors (Argatroban and Bivalirudin) 

	Oral Anticoagulation: Antivitamin K Antagonists (VKAs) and Direct Oral Anticoagulants (DOACs) 
	Antivitamin K Antagonists (VKAs) 
	ROTEM Monitoring in VKA Therapy 
	ROTEM Monitoring in VKA Reversal 

	Direct Oral Anticoagulants (DOACs) 
	ROTEM Monitoring in DOACs Therapy 
	ROTEM Monitoring in DOAC Reversal 


	Conclusions and Perspectives 
	References

