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Abstract: Infection by SARS-CoV-2 is associated with a high risk of thrombosis. The laboratory
documentation of hypercoagulability and impaired fibrinolysis remains a challenge. Our aim was
to assess the potential usefulness of viscoelastometric testing (VET) to predict thrombotic events
in COVID-19 patients according to the literature. We also (i) analyzed the impact of anticoagula-
tion and the methods used to neutralize heparin, (ii) analyzed whether maximal clot mechanical
strength brings more information than Clauss fibrinogen, and (iii) critically scrutinized the diagnosis
of hypofibrinolysis. We performed a systematic search in PubMed and Scopus databases until
31 December 2020. VET methods and parameters, and patients’ features and outcomes were ex-
tracted. VET was performed for 1063 patients (893 intensive care unit (ICU) and 170 non-ICU, 44
studies). There was extensive heterogeneity concerning study design, VET device used (ROTEM,
TEG, Quantra and ClotPro) and reagents (with non-systematic use of heparin neutralization), timing
of assay, and definition of hypercoagulable state. Notably, only 4 out of 25 studies using ROTEM
reported data with heparinase (HEPTEM). The common findings were increased clot mechanical
strength mainly due to excessive fibrinogen component and impaired to absent fibrinolysis, more
conspicuous in the presence of an added plasminogen activator. Only 4 studies out of the 16 that
addressed the point found an association of VETs with thrombotic events. So-called functional
fibrinogen assessed by VETs showed a variable correlation with Clauss fibrinogen. Abnormal VET
pattern, often evidenced despite standard prophylactic anticoagulation, tended to normalize after
increased dosing. VET studies reported heterogeneity, and small sample sizes do not support an
association between the poorly defined prothrombotic phenotype of COVID-19 and thrombotic
events.
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1. Introduction

In contrast to conventional clotting tests, viscoelastic tests (VETs) monitor changes
of viscoelastic properties of a forming and evolving clot from whole blood, before and
beyond the clotting point; they are often referred to as a global hemostasis test, although
some aspects of hemostasis are not explored [1-3]. Coagulation occurs in the presence of
platelets and red blood cells, and fibrinolysis can translate into a decrease in clot mechanical
strength after its maximum has been reached, but clot retraction seems to play a role here
as well [4-6]. VETs are based on the mechanical properties of the clot, like mechanical
strength, and are influenced by its composition in platelets, fibrin, red blood cells, and
factor XIII [7-9]. To our knowledge, the assessment of factor XIII by VETs has not been
investigated in COVID-19 patients.

VETs have been considered to provide a comprehensive assessment of the dynamic
process of blood clot formation and subsequent lysis. As they can be performed bedside
as point-of-care testing and can give useable results about clot formation and a potential
hyperfibrinolysis within one hour, they are chiefly considered as convenient tools for real-
time assessment of coagulation and fibrinolysis in whole blood and have been gaining in
popularity in various hemorrhagic situations, such as cardiac surgery, obstetrics, and trau-
matology over decades, for the management of acutely bleeding patients [3]. By contrast,
COVID-19 disturbance of hemostasis is likely a combination of hypercoagulability and
impaired fibrinolysis (a prothrombotic laboratory phenotype), at least in part, contributing
to the thrombotic risk and the prothrombotic laboratory phenotype, but VETs have been
nevertheless suggested to be potentially useful, in line with previous works on sepsis [10]
and trauma [11,12], for example.

Of note, VETs share the same limitations as all currently available clinical lab tests, i.e.,
negligible effect of endogenous anticoagulants, absence of endothelium, and very low shear
in a close system. Furthermore, there are good reasons to challenge the interpretation of
hypercoagulability and to question the ability to sensitively detect and accurately quantify
hypofibrinolysis, especially when a value equal to zero belongs to the manufacturer’s
reference range.

Our aim was to assess the potential clinical usefulness of VETs to predict clinical
outcomes (mainly thrombotic events) in COVID-19 patients through this systematic review.
We also (i) analyzed the impact of anticoagulation and the methods used to neutralize hep-
arin (in other words, was heparin duly neutralized?), (ii) disentangled reported alterations
in clotting dynamics and analyzed whether maximal clot mechanical strength brings more
information than Clauss fibrinogen, and (iii) critically scrutinized the documentation of
hypofibrinolysis with VET under various reactive conditions. The term ‘hypercoagulable
state’” will be uniformly used to refer to the investigators’ interpretation of VET findings;
we will discuss to what extent this is an appropriate interpretation.

The preanalytical aspects, which are crucial in laboratory hemostasis but scarcely
mentioned among the retrieved studies, are beyond the scope of this review and will not
be addressed.

2. Materials and Methods
2.1. Search Methodology

We performed a systematic literature search in PubMed and Scopus databases, regard-
less of publication status, using the following keywords ‘viscoelastic test OR thromboelas-
tometry OR thromboelastography OR sonorheometry OR ROTEM OR TEG OR Quantra
OR ClotPro” AND ‘coronavirus disease 2019 OR COVID-19 OR severe acute respiratory
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syndrome coronavirus 2 OR SARS-CoV-2’". Search strategy is provided as Data S1. We
also searched the reference lists of selected articles for additional relevant works, and
we did not restrict our search to articles published in English and found some articles in
Russian and Hungarian. In addition, reviewers performed manual searches and cross-
references in the retrieved papers. The last search was conducted on 31 December 2020.
Our review followed the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-analysis) guidelines [13], and the PRISMA summary table can be found as Data S2.
Due to a considerable heterogeneity among the retrieved studies, we did not extend our
systematic review to a meta-analysis.

2.2. Study Selection

All references retrieved from our search were screened based upon their title and
abstract to assess eligibility. If they were considered relevant, the full-text articles were
analyzed to check if they met the selection criteria as follows. As COVID-19 pandemic
is a recent phenomenon, and due to the relatively small number of published data on
VETs, we did not restrict eligibility according to patients’ characteristics, disease severity,
or treatment modalities. Studies of any design and case reports, including original data
from VETs in COVID-19 patients with neither pregnancy nor known history of coagulation
disorder, were deemed eligible. All relevant studies regardless of methodological quality
were included when the full-text article was available (Table 1).

Table 1. Eligibility criteria.

PICOS

Inclusion Exclusion

Participants

All patients with confirmed COVID-19 infection regardless of age

Pregnancy
Pre-existing coagulation disorder

Intervention

Viscoelastometric testing performed -

Comparison

Reference values (manufacturer’s based or healthy controls)
ICU COVID-19 patients and non-ICU COVID-19 patients -
ICU COVID-19 patients and ICU non-COVID-19 patients

Outcomes

VET parameters in COVID-19 patients

Difference in VET parameters between ICU COVID-19 patients and

non-ICU COVID-19 patients

Difference in VET parameters between ICU COVID-19 patients and

ICU non-COVID-19 patients -
Association between VET parameters and clinical
outcomes
Association between VET parameters and Clauss
fibrinogen

Study design

Opinion papers
Randomized controlled trials Review papers
Observational clinical studies Healthcare guidelines
Case reports Protocol
Non-human or in vitro studies

Abbreviations: VET: viscoelastometric testing; ICU: Intensive care unit.

Reviews, position articles, and guidelines were excluded. All kind of VETs were
included but were analyzed separately.

2.3. Data Extraction

For each study, data regarding author identification, geographic location, study design,
number of patients and their characteristics (including comorbidities and thrombotic
events), prospective design or not, timing of blood collection and anticoagulation status,
type of VET device used and results, and the results of other conventional hemostasis
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tests (platelet count, fibrinogen and D-dimers plasma levels), and C-reactive protein were
extracted with the aid of a systematic chart.

2.4. A Concise Overview of the Different VET Devices

Viscoelastometric testing (VET) should be performed either immediately with native
whole blood or within four hours after drawing if performed with whole citrated blood, as
most often done [1,3].

ROTEM devices and TEG5000 all rely on the movement of a pin and a cup relative
to each other; in the former, the cuvette is fixed, and the pin oscillates, and vice versa in
the latter. The oscillations are recorded and graphically displayed with the characteristic
normal tuning fork shape [3]. The conventional clotting point roughly corresponds to the
reaction time R for TEG, and to the clotting time CT for ROTEM, ClotPro, and Quantra;
extended fibrin polymerization is monitored with the kinetics time K and « angle for
TEG and with CFT and o« angle for ROTEM and ClotPro; the eventual result is maximal
mechanical strength (maximal amplitude MA for TEG, maximal clot firmness MCF for
ROTEM and ClotPro and clot stiffness CS for Quantra) and its subsequent decrease, as a
result of “endogenous’ fibrinolysis monitored by lysis of the clot at given time x LY(x) for
TEG and by maximal lysis ML or lysis of the clot at a given time x (LI(x)) for ROTEM and
ClotPro, at least in part [2,3,14].

Coagulation can be initiated through the contact phase or the tissue factor pathway
(often referred to as intrinsic or extrinsic pathways, respectively) and needs recalcifica-
tion when citrated blood is used [3]. If the nature of the initiating agents is known, their
concentrations are not disclosed. Regarding the former pathway, the limitations of aPTT
testing apply, although ‘clotting times’ are longer, suggesting a lower amount of contact
phase activator (kaolin, celite, or ellagic acid) and higher calcium concentration. The differ-
ent well-known behaviors of those reagents in case of defective contact phase, abnormal
factor VIII levels, high CRP (C-reactive protein) levels, lupus anticoagulant, or heparin
must be borne in mind. Two reagents can be used to neutralize heparin, either polybrene
(hexadimethrine bromide) or heparinase; two to inhibit the platelet contribution to me-
chanical clot properties, namely cytochalasin D and abciximab, sometimes both together;
lastly, two to inhibit fibrinolysis, either aprotinin or tranexamic acid [3]. To what extent
those inhibitions are fully achieved is not entirely clear.

2.4.1. ROTEM

Three versions of the ROTEM device exist: from the oldest to the most recent, ROTEM-
gamma, ROTEM-delta, and the brand-new version ROTEM-sigma. The main difference
between them is that ROTEM-gamma and -delta need manual pipetting of the blood
sample and the reagents into cups, whereas ROTEM-sigma is a completely automated,
closed system. For the latter, reagents consist of a consumable ready-to-use cartridge
with four parallel channels prefilled with specific lyophilized reagents [15]. All ROTEM
versions can perform the same assays, namely INTEM, HEPTEM, EXTEM, FIBTEM, and
APTEM, to investigate the intrinsic pathway (with and without heparinase), the extrinsic
pathway, the fibrinogen component, and the fibrinolysis with aprotinin, respectively. Of
note, EXTEM, FIBTEM, and APTEM reagents contain polybrene and HEPTEM contain
heparinase to neutralize heparin (Table A1) [2,16]. They report the same parameters:
clotting time (CT), clot formation time (CFT), « angle, “amplitude of the clot” at a given
time x (A(x)), maximum clot firmness (MCF), clot lysis index (LI(x)), and maximum lysis
(ML) (Table A2).

242 . TEG

Briefly, regarding TEG5000 a blood sample is pipetted into a cup; liquid reagents are
added; ultimately, a fixed pin connected to a detector system is then put in the cup. The
graphical representation is called TEMogram. TEG6s for its part is a completely closed
and automated system. In contrast to its predecessor TEG5000, it relies on sonorheometry.
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Reagents consist of a consumable, ready-to-use cartridge with four parallel channels
prefilled with specific lyophilized reagents (Table A3) [17,18].

The two versions of the TEG device can perform the same assays, namely Kaolin
TEG with (CKH) or without heparinase (CK), RapidTEG (CRT), and TEG Functional
Fibrinogen (CFF), and offer the same parameters: reaction time (R), kinetics time (K), &
angle, maximum amplitude (MA), and fibrinolytic activity (Ly) [3,19]. Of note, heparin
neutralization differs between TEG500, where neutralization can occur in virtually any
channel by using heparinase-coated cups, and TEG6s, where neutralization occurs only in
the CKH channel thanks to heparinase (Table A4) [3].

2.4.3. Quantra

The Quantra device also uses sonorheometry. Briefly, an acoustic radiation force is
applied to the blood sample. As the blood clot forms, it starts to resonate: oscillations are
then correlated with the shear modulus of the blood sample. The resistance of the sample
to shear forces can be quantified by the time delay between the ultrasound pulse emission
and the returning echoes [20-22].

Reagents consist of a consumable, ready-to-use cartridge with four parallel channels
prefilled with specific lyophilized reagents [22]. There are currently two kinds of cartridges:
the QPlus cartridge and the QStat one dedicated to exploring fibrinolysis [23]. Measure-
ments of clot coagulation time with (CTH) or without (CT) heparinase and coagulation
initiation with kaolin, clot stiffness (CS) after initiation with thromboplastin, and fibrinogen
contribution to the overall clot stiffness (FCS) after platelet inhibition with abciximab are
performed simultaneously in four parallel channels. Of note, channel 2 contains heparinase,
and channels 3 and 4 contain polybrene to neutralize heparin. Platelet contribution to clot
stiffness (PCS) results from the difference between total CS and FCS (Tables A5 and A6).

2.4.4. ClotPro

The ClotPro device uses rotational technology similar to ROTEM®(Werfen, Barcelona,
Spain), but some differences exist between the two devices. First, in contrast with ROTEM,
the cuvette rotates and the pin is stationary [24,25]. Second, reagents for each assay are
present in dry form in a sponge located in the pipette tip; during pipetting of the patient
sample, the reagent is automatically added to the blood [25]. This device can perform the
same kind of assays as the ROTEM device (EX-test, IN-test, HI-test, FIB-test, AP-test) plus
some other specific ones (RVV-test, ECA-test), and offer similar parameters. Of note, EX-
test, tPA-test, and FIB-test contain polybrene to neutralize heparin (Tables A7 and A8) [24].

3. Results
3.1. Literature Search

Our literature search and selection flow chart according to PRISMA statement [13] is
summarized in Figure 1.
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Records identified through Additional records Additional records
PubMed database searching identified through Scopus identified through other
(n=63) database searching (n=75) sources (n = 2)

Records after duplicates removal
(n=193)

Recordsexcluded (n = 36)
v

Not reloted to the subjeck n=16
Pasition articles or guidelines:n=7
Rewviews: n =35
No full-text available: n =5
No translation: n = 3

Recordsscreened
(n=2949)

A\l

Full-text articles excluded (n = 19)
Full-text articles assessed
for e ligibility
(n=83)

> Reviews: n =8
Not related to the subjeck n= 6
Pasition arficles or guidelines: n =4

Studies included in
qualitative synthesis
(n=44)

Figure 1. Literature search and selection flow chart according to PRISMA statement.

We identified 140 references, resulting in 97 unique citations after duplicates removal.
Two additional articles were identified through other sources. Each title and abstract
were screened, and 36 references were excluded either because they were not related to
the subject (n = 16), because they were position articles or guidelines (1 = 7) or reviews
(n = 5), or because there was no full-text available at this time (n = 5) or no possible
translation (n = 5). A total of 63 potentially eligible articles were considered for inclusion,
and the full-text articles were retrieved. The most common reasons for exclusion after
the full-text evaluation were that papers were reviews (n = 19), not related to the subject
(n = 6), or position articles or guidelines (n = 4). Finally, 44 references [24,26-68] met the
eligibility criteria.

3.2. Originality of Our Systematic Review as Compared to the Existing Ones on the Subject

Reviews have already been published recently, two of them only being system-
atic [69-72], but none has so far investigated the four major commercially available VET
devices (i.e., ROTEM, TEG, ClotPro, and Quantra) or included such a large number of
studies (n = 44). Characteristics of each review are summarized in Table 2.
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Table 2. Characteristics of the reviews already published.

First Author (Title) Type of the Review Aim of the Review Numb?r and Type of VET Devices
Studies Included
Gorlinger et al. [69] .
(COVID-19 associated clszvllﬁz;vti(())i\
coagulopathy and abnorrﬁahties and 8 studies (5 prospective
inflammatory response: Narrative review . p 'p ” ROTEM, TEG, Quantra
what do we know already inflammatory 3 retrospective)
and what are the response associated
knowledge gaps?) with COVID-19
Tsa(réceosvelt];l_l.l 9[70] Evaluation of the
Infection-Related ui(iifsilcr:laelssgfc:i/feTtSOm 13 studies (8
Coagulopathy and Narrative review . b prospective, 5 ROTEM, TEG, Quantra
. . ) guide anticoagulant .
Viscoelastic Methods: A . retrospective)
Paradigm for Their Clinical treatments or Predlct
Utility in Critical Illness) Prognosis
Hartmann et al. 71] wsefulness of TEC in
. ; (
(The Role of TEG Analysis 15 studies (5
in Patients with clinical practice to prospective, 9
. Systematic review identify and manage . ’ TEG
COVID-19-Associated . retrospective and one
Coagulopathy: A hypercoagulation case report)
Systematic Revi.ew) associated with
y COVID-19
Evaluation of the
Stomka et al. [72] performance of TEG
(Hemostasis in and TEM in the .
. . 10 studies (2
Coronavirus Disease Systematic review assessment of blood prospective, 8 ROTEM, TEG

2019-Lesson from
Viscoelastic Methods: A
Systematic Review)

coagulation and
fibrinolysis in
patients with
COVID-19

retrospective)

Overall, case reports were excluded (except for one systematic review [71]); few
studies were available and presented extensive heterogeneity.

3.3. Characteristics of the Selected Studies

Quality assessment of the selected study was performed using the Scottish Intercolle-
giate Guidelines Network (SIGN) grading system [73]. Overall, the retrieved studies were
of low (3, “non analytic studies”) to moderate quality (2+, “well-conducted case control or
cohort studies with a low risk of confounding or bias and a moderate probability that the
relationship is causal”), and details can be found as Data S3. Characteristics of the selected

studies are summarized in Table 3.
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Table 3. Characteristics of the included studies.

Number of

Number of . Number of
R Patients . Number of
Patients . Number Patients . .
. . _— with . . COVID-19 Diagnosis of
First Author . . with Timing of . of Patients ~ with Renal 1 . . . . .
Device Study Design Ward n . . Invasive Age Patients with Thrombotic Anticoagulation
(Country) Viscoelastic Assay . under Replace- .
Mechanical Thrombotic Events
Test 1o ECMO (n) ment
Ventilation Events
Performed ) Therapy (n)
. 1 day after None until TE,
I(‘;’aasaarl:)‘ [ezt 6a]1' R(CI)\ITS};:M Case report ICU 1 1 ICU 1 NP NP 57 None NP then UFH
P admission 10,000 IU/d
20 S gnoapan
Pavonietal.  ROTEM Retrospective ICU 40 40 admission, 4/40 NP NP 61+ 13 12 catheter  from commeon 060 mg/d
(Italy) [27] gamma observational study then 5 and 10 . according to
days later related femoral vein local protocol
y thrombosis) by ultrasound P
Boscoloetal. ROTEM Prospective ICU 32 32 NP 21/32 NP NP 68 (62-75)  11/32 patients o systematic NP
(Italy) [28] delta  observational study IMW 32 32 None None None 61(53-71)  3/32 patients screening
IC.U. At least
Corréa et al. ROTEM Prospective admission, 6/30 patients prophylactic
(Brazil) [29] delta observational study IcU 30 30 then, 3,7 27/30 NP 10/30 61 (52-83) (4 DVT, 2 PE) NP UFH or
and 14
LMWH
days later
ICU
Madathil et al. ROTEM Prospective admission, 53
(USA) [30] delta observational study Icu 1 1 then 2448 h 1/m NP NP (45.5-65.5) NP NP NP
later
- Prospective . .
Spieziaetal. = ROTEM . ICU 5/22 patients Prophylactic
(Italy) [31] delta observational case ICU 22 22 admission 19/22 NP NP 67 £ 8 (DVT) NP LMWH
control study
ICU Enoxaparin 1
COVID-19 11 11 NP NP NP 78 (67-71) par!
. mg/kg bid
patients
. ICU non .
Tsantes et al. ROTEM Prospective Enoxaparin 1
(Greece) [32] delta observational study COYID-19 9 ? NP NP NP NP NP NP NP mg/kg od
patients
IMW Enoxaparin 1
COVID-19 21 21 NP NP NP 73 (50-88) oxapa

patients

mg/kg od
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Table 3. Cont.
Number of
Number of Patients Number of N;:\ﬁle)iisof Number of Diagnosis
First Patients with . with um . COVID-19 8
. . . . Timing of . Patients with Renal 1 . . of Throm- . .
Author Device  Study Design Ward n Viscoelastic Invasive Age Patients with . Anticoagulation
Assay . under ECMO Replace- . botic
(Country) Test Mechanical Thrombotic
1o (n) ment Events
Performed Ventilation Events
) Therapy (n)
Prophylactic
enoxaparin 0.5
mg/kg bid
according to
Al-Ghafry Retrospective PICU (n =5) 1to4 days oxygen
ROTEM . after 129 requirement
etal. observational and PW (n = 8 8 - None None None None NP )
(USA) [33] delta study 3) hospital (2-20) and D-dimers
o admission levels, escalated
to therapeutic
dose (1 mg/kg
bid) if clinical
deterioration
Ultrasound
. 9/25 patients (7 or CT
Creel-Bulos Retrospective . . .
etal. ROTEM 1 ervational ICU 25 25 NP NP NP NP 63 (53-77) DVT, 4 PE, 1 1maging Prophylactic
(USA) [34] delta study arterial based on LMWH or UFH
- thrombosis) clinical
suspicion
ICU Within 48 h
Hoechter ROTEM  Retrospective COVID-19 22 11 after ICU 22/22 NP NP 64 (52-70) Prophylactic
etal delta observational pneumonia admission NP NP UFH according
(Germany) case control cU to local
35 tud non ideli
(351 study COVID-19 14 14 NP 14/14 NP NP 49 (36-57) gideines
pneumonia
10/30 patients (3
DVT,1PE, 1both  Ultrasound
Retrospective DVT and PE, 4 or CT At least
Roh et al. ROTEM  observational ICU 30 30 ICU. NP NP NP 63+ 12 arte%‘lal imaging prophylactic
(USA) [36] delta case control admission thrombosis, 1 both  based on
- g UFH or LMWH
study arterial clinical
thrombosis and suspicion

DVT)
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Table 3. Cont.

Number
Number of of
NIl,l n;bet; of Patients Nun;ber Patients Number of
Fi atients .. with 0 with COVID-19 Diagnosis of
irst Author . . with Timing of . Patients 1 . . . . .
Device Study Design Ward n . . Invasive Renal Age Patients with Thrombotic Anticoagulation
(Country) Viscoelastic Assay hanical under 1 h .
Test Mechanica ECMO Replace- Thrombotic Events
Ventilation ment Events
Performed (n)
(n) Therapy
(n)
2 h after .
Kong et al. ROTEM Case renort ICU 1 1 ICU No No No 48 None NP None ;‘;‘;1‘1 fisOTEM
(United delta P admission y
Kingd 37
ingdom) [37] ICU 1 1 NP 1 No 1 68 None NP
None at admission,
Raval et al. ROTEM ICU 4
(USA) [38] delta Case report ICU 1 1 admission 1 No No 63 None NP then UFHh7500 1U/8
14/40 patients
Nougier etal. ~ Modified Prospective ICU 40 19 33/40 NP 7/40 628+131 GFE t5 DYT’ ! Ulrasoundor At least prophylactic
(France) [39] ROTEM observational case NP har e£1a . CT imaging UFH or LMWH
delta control study thrombosis) based on clinical
(TEM-tPA) IMW 38 4 None None None 60.2 4 14.6 NP suspicion
Weiss et al I\I/{[g)(%}]f;;/([i Prospective Thromboprophylaxis
oy observational case  ICU 5 5 NP NP NP NP 57 £ 15 3/5 patients NP according to current
(France) [40] delta L9
(TEM-tPA) control study guidelines
. 1 day aft —
Almskog et al. ROTEM Prospective ICU 20 20 hc?syp?tafr NP NP NP 62 (55-66) . P At least prophylactic
(Sweden) [41] sigma observational study Vw40 40 admission NP NP NP 61 (51-74) tinzaparin
3/6 patients (1
Collett et al ROTEM Prospective 69 PE’rlelzatte}ZIEter Enoxaparin 40 mg
(Australia) [42] sigma Obszﬂfglonal ICU 6 6 NP 5/6 None 2/6 (64.2-73) thrombosis, 1 NP od
Y TE not clinically

suspected)
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Table 3. Cont.
Number of
Numbero e Nmperar Numberot Nombersf bisgnsi
. Study Patients with Timing of . Patients 1 . . of Throm- . .
Author Device Desien Ward Viscoelastic Assa Invasive under ECMO Renal Age Patients with botic Anticoagulation
(Country) & Test Perf d y Mechanical ) Replacement Thrombotic Event
est Tertorme Ventilation " Therapy (n) Events vents
(n)

Prospective 2448 h 5/19 patients (2 Enoxaparin
lbanezetal.  ROTEM — observa- 1IcU 19 19 after ICU NP NP NP 61(5-73 ~ DVL2PEIL NP 40-80 mg/d
(Spain) [43] sigma tional admission arterial according to

study thrombosis) local protocol
23/40 patients
(14DVT,4PE, 3 Systematic

Prospective ischemic stroke, s}c]reening At least
Kruse et al. 1 clotted ECMO prophylactic
(Germany) “OIEM  observa- ICU 40 40 U 31/40 10/40 21/40 67 (57.3- cannula, 1 by ultra- %y NWH (or

sigma tional admission 76.6) sound .
[44] stud complete once a argatroban if
y thrombosis of week ECMO)
the ECMO
circuit)
€U 603 +

Prospective COVID-19 20 20 ICU 2/20 NP NP 1'5 2 NP NP Enoxaparin
Pavonietal. ROTEM case pneumonia admission, : 40-60 mg/d
(TS sigma O ol ICUmon 10 daye e Joca protacol

COVID-19 25 25 Y 8/25 NP NP 665 = NP P
tud
Stuay pneumonia 188
IMW

Prospective COVID-19 56 56 Within 6 h 64 £15 NP
Spieziaetal. ROTEM case pneumonia after NP NP NP NP NP
(Italy) [46] sigma controls ob- hospital

: IMW non I
tional d
ser;’;g;na COVID-19 56 56 admission 76+ 11 NP
pneumonia
ICU before 13 (7-16)
enhanced 12 12 days after 12 7/12 patients (6 LMWET 129 &
. /12 NP 6/12 54+9 Ultrasound 531U /kg/24 h
anticoagula- ICU PE, 1 DVT) . .
Van der Cross- tion admission or CT or UFH infusion
Linden et al. RQTEM sectional imaging
(Sweden) sigma ICU after 18 (13-29) based on
[47] study enhanced 14 14 days after 14/14 NP 8/14 5948 5/14 patients (3 clinical ;“ZNIIL‘?I/ILI 2?2 4ih
. : ici 8
anticoagula ICU PE, 2 DVT) SUSPICION | UFH infusion
tion admission
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Table 3. Cont.

Number of Number of
Number of Patients . Number of . .
. . . Number of Patients Diagnosis
. Patients with - with . . COVID-19
First Author . . . . Timing of . Patients with Renal 1 . . of . .
Device Study Design Ward n Viscoelastic Invasive Age Patients with . Anticoagulation
(Country) Assay . under ECMO Replace- . Thrombotic
Test Mechanical ) t Thrombotic Event
Performed Ventilation " h men Events vents
) Therapy (1)
Blasi et al. ROTEM Retrospective ICU 12 12 4 days after 12/12 NP NP 69 (57-76) NP NP At least
Spain) [48 sigma observational study hospital prophylactic
(Spain) [48] IMW 11 11 admission None NP NP 58 (42-74) LMWH
Van Veenendaal Ultrasound
etal ROTEM Retrospective 10/47 patients ir?llz; C1Frr1 At least
(The . bsorvat pn Letad ICU 47 47 NP 47/47 NP NP 63 (29-79) i OPPE) b % i prophylactic
Netherlands) sigma observationat study ased o UFH or LMWH
[49] clinical
suspicion
None at
MW 1 1 No No No NP NP admission, then
prophylactic
UFH
Lazar et al. ROTEM Hospital
(USA) [50] sigma Case report admission NP None at
MW 1 1 No No No NP NP admission, then
enoxaparin 60
mg od
11/39 TE, 6/39 Ultrasound At least
thrombotic or CT enoxaparin
Wright et al. TEG Retrospective | stroke, 16/39 imaging 40-60 mg od or
(USA) [51] (NS) observational study Icu 44 44 NP 43/44 20/44 NP 54 (42-59) acute renal based on UFH
failure requiring clinical 10,000-15,000 IU
dialysis suspicion per day
At least
Panigada et al. Prospective prophylactic
(italy) [52] TEG5000 observational stud ICU 24 24 NP 24/24 NP NP 56 (23-71) NP NP dose of LMWH
y y

or UFH
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Table 3. Cont.
Number of Number of N;:&E:;? ‘ Number of Diagnosis
. . X .. Patients with Number of . COVID-19 &
First Author . . Patients with Timing of . . with Renal 1 . . of . .
Device  Study Design Ward . . Invasive Patients under Age Patients with . Anticoagulation
(Country) Viscoelastic Assay . Replace- . Thrombotic
Mechanical ECMO (n) Thrombotic
Test Performed . ment Events
Ventilation (n) Events
Therapy (n)
adrfgs[iion 6/24 patients (4 Ultéerlsélj}l"lnd
Cordier et al Retrospective then at ! 69 isolated PE, 1 . - Thromboprophylaxis
Ordier ¢t a- TEG5000 observational ICU 24 24 cena NP NP NP ischemic stroke, 1magme according to
(France) [53] discharge (61-71) based on L9
study 1 both PE and L. current guidelines
from the . . clinical
ischemic stroke) L.
ICU suspicion
Ultrasound
Hightower Retrospective 59 in(?lfa Clz Enoxaparin 40 mg
etal. TEG5000 observational ICU 5 5 NP 4/5 None None (38-69.5) 2/5 patients basegd 0%1 od or therapeutic
(USA) [54] study ’ e UFH
clinical
degradation
31/109 patients:
adzrr/ﬁ?)slsil(l)lraloannd Ultrasound
Retrospective 3.5 days 29/31 despite or CT UFH 5000 IU/8 h,
Maatman etal.  ppoggy multi-center = yor g 12 after 102/109 NP 16/109 61+16 anticoagulation . 128N&  40mgenoxaparin
(USA) [55] observational hospital (26 isolated based on od or 30 mg
study admission DVT, 1 isolated chnilcialn enoxaparin bid
PE,4bothDVT  SUPICI0
and PE)
Standard DVT
chemoprophylaxis
upon admission
with subsequent
. 13/21 patients therapeutic
l\fgg‘;)s [95t51' TEGS000 ReposPective ey g 21 R NP 2/21 18/21 68+11  fora total of 46 NP anticoagulation
y recorded events (UFH or
enoxaparin 2
mg/kg/d) if
thrombotic

complications




J. Clin. Med. 2021, 10, 1740 14 of 56
Table 3. Cont.
Number of Number of Number of Number of Diaenosis
. Patients with - Patients with Number of Patients with COVID-19 &
First Author . . . . Timing of . . 1 - . of . .
(Country) Device  Study Design  Ward n  Viscoelastic Assay Invasive Patients under Renal Age Patients with Thrombotic Anticoagulation
Test Mechanical ECMO (n) Replacement Thrombotic Events
Performed Ventilation (1) Therapy (n) Events
Standard UFH or
LMWH
. rophylaxis with
Retrospective 2.5 days after . P
Sadd et al. . 58 4/10 patients (3 subsequent
(USA) [57] TEG5000 observational ICU 10 10 I(.:U. 10/10 NP 3/10 (49-70) AKI, 1 CRRT) NP therapeutic
cohort study admission - .
anticoagulation
according to local
guidelines
Standard UFH or
LMWH
Ultrasound prophylaxis with
Yuriditsky Retrospective Within 72 h 20/64TE, 31764 . " CT subsequent
. 64 imaging therapeutic
etal. TEG5000 observational ICU 64 64 after ICU NP NP NP acute renal . .
. (57-71) . based on anticoagulation
(USA) [58] study admission failure .. .
clinical according to
suspicion D-dimers levels or
if thrombotic
events
Full-dose
Within 24 h Ultrasound ai?:rleoii%gutljtlfcr;l
. Prospective after ICU . and CT
Bocei et al. TEG6s observational ~ ICU 40 40 admission, 29/40 NP NP 675 2/40 patients (2 imaging not protocqls
(Italy) [59] (55-77) PE) . (enoxaparin 0,5
study then 7 routinely mg/kg/12 h, UFH
days later used 7500 TU/8 h or
UFH infusion)
Prophylactic
Prospective dalteparin (75-100
Stattin et al. . 65 . IU/kg) with
(Sweden) [60] TEG6s obsesrt\l/guonal ICU 31 31 NP 24/31 NP NP (51-70) 5/31 patients NP anti-Xa levels
y target 0.2-0.4

IU/mL
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Table 3. Cont.

Number of

Number of Number of Patients Number of
First Author ) Pa.tients wi'th Timing Patients.with I\{umber of with Renal L C‘OVID-1.9 Diagnosis f’f ) )
(Country) Study Design  Ward n Viscoelastic of Assay Invasive Patients under Replace- Age Patients with Thrombotic Anticoagulation
Test Mechanical ECMO (n) Thrombotic Events
Performed Ventilation (n) Th ment Events
erapy (n)
Increase
prophylactic dose
Vlot et al. Prospective of LMWH:
Neﬂgﬂfm ds) observz(ijtional ICU 16 16 NP 16/16 NP 6/16 67 (56-73) None N‘;jryeifir;‘;“c I%agfgl(’j:%gg(}%
[61] study according to body
weight) instead of
2850 IU od
Patel et al. . . Syster_natic At 1ea§t
(United RetrospeFtlve 505 15./ 39 patients screening by  prophylactic dose
Kingdom) observational ICU 39 39 NP 39/39 20/39 NP (29-79) with acute PE, CT of LMWH or UFH
[62] study 4/22 with DVT pulmonary with anti-Xa levels
angiography of 0.2-0.3 IU/mL
Standard UFH or
LMWH
Salem et al. Retrospective 14]/;61??13; t; ® pr(;ii};aﬁse:tﬂ’fh
(United Arab observational ICU 52 52 NP 46/52 7/52 16/52 53 (39-62) o NP quer
Emirates) [63] study arterial therapeutic
: thrombosis) anticoagulation
according to local
guidelines
Standard
81/187 patients weight-based
Shah et al. Multicenter (42 PE, 25 DVT,25 Ultrasound or I:gWMH
(United retrospective arterial thrombo- Cl imaging prophylaxis with
. . ICU 187 20 NP 166/187 6/187 80/187 57 (49-64) - based on
Kingdom) observational sis)Extracorporeal linical subsequent
[64] study circuit disruption ciiea therapeutic
B suspicion . L
n=23 anticoagulation if

thrombotic events
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Table 3. Cont.

Number of

Number of

N1'1mber ‘.)f Patients with Number of Patients Number of Diagnosis
. Patients with - . . . COVID-19
First Author . Study . . Timing of Invasive Patients with Renal 1 . . of Throm- . .
Device . Ward n Viscoelastic . Age Patients with . Anticoagulation
(Country) Design Assay Mechanical under ECMO Replace- . botic
Test s Thrombotic
Ventilation (n) ment Events
Performed Events
(n) Therapy (n)
13 days Ultrasound
after or CT None until TE, then
Fan etal. admission, imaging therapeutic UFH
(SlnEg6a51c])ore) TEG6s Case report IMW 1 1 1 h after No No No 39 1 based on 1300 IU/h (anti-Xa
clinical sign clinical levels 0.4-0.6 IU/mL)
of TE suspicion
ICU . Thromboprophylaxis
Prospective ~ COVID-19 17 17 17/17 NP NP ( 424_858) 3/17 p;]f:‘;’nts ® according to current
. single- ARDS guidelines
Masi et al. ICU
Quantra center T NP
(France) [66] cohort ICU non admission 34
stud COVID-19 11 11 11/11 NP NP (28-55) NP NP
Y ARDS
Prospective 2-5 days Nadroparin 4000 IU
Ranuccietal. o 0 observa- o 1 iy atter ICU 16/16 . . 61 Nome \p  bid then 6000 or 8000
(Italy) [67] tional ! (55-65) IU bid according to
tud then 14 BMI
study days after
8.5 (4.5-15) 615 Enoxaparin 80
Bachler et al. Retrospective days after ; . (60-100) mg/day (n =
(Austria) [24] ClotPro study ICU 20 20 ICU NP NP NP (5252)5— 2/20 patients NP 16) or argatroban
admission n=4)
Enoxaparin
Zatroch et al. ! ! NP No No No 62 ! 80 mg bid
(Hu[gsgg]arw ClotPro  Case report Icu 1 1 NP 1 No 1 80 1 NP Enoxaparin 60 mg od
1 1 NP 1 No No 84 1 Enoxaparin 20 mg od

1 Variables are reported as number, as median with interquartile range (median (IQR)) or as mean with standard deviation (mean %+ SD). Abbreviations: ICU: Intensive care unit; IMW: Internal medicine ward;
PICU: Pediatric intensive care unit; PW: Pediatric ward; UFH: Unfractionated heparin, LMWH: Low molecular weight heparin; od: once a day; bid: twice a day; IMV: Invasive mechanical ventilation; ECMO:
Extracorporeal membrane oxygenation; RRT: Renal replacement therapy; CRRT: Continuous renal replacement therapy; TE: Thrombotic events; DVT: Deep vein thrombosis; PE: Pulmonary embolism; AKI: Acute
kidney injury; NP: Not provided; NS: Not specified; TEG: Thromboelastography; ROTEM: Rotational thromboelastometry; TEM: Thromboelastometry; tPA: tissue plasminogen activator.
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A total of 1538 inpatients were studied, of which 1393 were COVID-19-positive, among
whom 1189 were ICU patients. At least one VET was performed during the hospital stay
of 1208 patients, of whom 1063 were COVID-19 patients hospitalized either in an ICU
(893 patients) or in a medical ward (IMW, 170 patients). The remaining 145 patients were
sex- and age-matched non-COVID-19 controls hospitalized either in the ICU (89 patients)
or in IMW (56 patients) for ARDS (acute respiratory distress syndrome) or pneumonia
non-related to SARS-CoV-2, or for postoperative care. One article [33] reported data about
eight hospitalized children either in a pediatric ward or in a pediatric ICU (PICU).

Among the 44 retrieved studies, 19 were prospective [28-32,39-46,52,59-61,66,67], 18
were retrospective [24,27,33-36,48,49,51,53-58,62—-64], one was a cross-sectional study [47],
and six were case reports [26,37,38,50,65,68]. There was no randomized controlled trial
(VET versus no VET).

VETs were performed using ROTEM (25 studies), TEG (15 studies), Quantra (two
prospective studies [66,67]) and ClotPro (one retrospective study [24] and one case re-
port [68]); no study compared two devices. Among articles reporting data about TEG, four
were prospective studies [52,59-61], ten were retrospective studies [51,53-58,62—-64], and
one was a case report [65]. Among articles dealing with ROTEM, thirteen were prospec-
tive studies [28-32,39-46], seven were retrospective studies [27,33-36,48,49], one was a
cross-sectional study [47], and four were case reports [26,37,38,50].

Testing was carried out either on admission or within the following days, but the
timing of blood collection for VET was specified only for 29 studies [24,26,27,29-31,33,35—
38,41,43-48,50,53,55-59,65-67]. In some studies, the measurements were repeated during
the patient’s stay, either because of a pre-established protocol [26,27,29,45,53,59,60,67] or
because of the occurrence of a thromboembolic event [65,68]. Number of VETs performed
during a patient’s stay ranged from 1 to 5 [29].

3.4. Characteristics of the Included Patients

Characteristics of the included patients are shown in Table 4.
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Table 4. Characteristics of the included patients.
Fibrinogen Platelets
First Author . . SOFa APACHESAPS SAPS ) gc BMI ... CRP(mglL) (mg/dL) D- (10%/uL)
Device n Ward Age M:F Ratio II I 111 (18.5-24.9  Comorbidities * Dimers
(Country) Score Score  Score Score Score  Score ke/m?) (<5 mg/L) (200400 (ug/L) (150-450 x
8 mg/dL) * H 103/uL) *
Iwasakietal.  ROTEM ICU 57 F NP NP NP NP NP NP NP NP 391 334 1500 203
(Japan) [26] ~ (NS)
Pavonietal.  ROTEM ,, ICU 61+13 24M:16F 4+1 NP NP NP NP NP  284+47 Yes NP 896+ 110  190F 318 + 168
(Italy) [27] gamma 1090
32 ICU ( 626_875) 26M:6F  3(3-6) NP NP NP 1(0-2) (232) 29 (27-32) 10(55-167) 458(_)270) 31153(2166)4‘ (19123 6
Boscoloetal. ROTEM NP
(Italy) [28] delta 61 , ~ 0 2 ~ -~ 450 263 234
32 IMW a7y AMSE 202 NP NP NP e g 290@43) 46(169)  330"a0) (193.598)  (197-290)
49
Corréaetal. ROTEM 61 , 10 29.3 10 600 1287 (798- 226
(Brazil) [29]  delta 0 U 5y BMIF o4, NP NP (6411)‘ / ! (244-322) Yes NP (480-680)  2202) (176-261)
Madathil
etal. e 1ocu BES gmar Ne Ne NP NP NP NP B0 Yes NP NP NP NP
(USA) [30] : Ao
Spieziaetal. nROTEM . 4 5343 &
(Italy) [31] delta 22 ICU 67+8  20M:2F  4+2 NP NP NP NP NP 30+6 Yes NP 517 + 148 2099 240 + 119
ICU 78 439 2420 262
1 covib T 10M:1F NP NP NP NP NP NP NP 48(23-128) 5130 (1470- (120-350)
patients 7320)
ICU non
Tsantesetal.  ROTEM 4 coypp NP NP NP NP NP NP NP NP NP NP NP NP NP NP
(Greece) [32] delta .
patients
IMW
73 , 437 860 (540~ 253
21 CoVID o TIM:I0F NP NP NP NP NP NP NP 32 (9-55) (399-503) 1210) (20739%)

patients
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Table 4. Cont.

Fibrinogen Platelets
First Author 1 . Ward Age  MERao  SOFA AT SIFS SIS picsic (18351\—42[4 9  Comorbidities CRF mg/L)  (mg/dL)  D-Dimers  (10°/uL)
(Country) " & ’ Score Score Score Score Score  Score k' /mz)’ (<5mg/L)*  (200-400 (ug/L) (150-450 x
& mg/dL) * 103/uL) *
PICU (n
Al-Ghafry et al. ROTEM =5)and 12.9 . 21.9 (13.3- 540 932 258
(USA) [33] delta  © PW@m= (220 ~ *MA4F NP NP NP NP NP NP ) NP 86(4-130) 39 733)  (151-2451)  (104-446)
3)
Creel-Bulos
ROTEM 63 276 7287 (4939—
etal. 25 ICU NP NP NP NP NP NP NP NP NP NP NP
(USA) [34] delta (53-77) (229-326) 23,912)
ICU
COVID+ 64 . 11.5 1 4 156 709 2400 (2000— 227
2 ROTEM  (52-70) OM3F - qp37y NP NPOONP g0, NP 27(2431) Yes (103-188)  (530-786)  3900) (175-324)
Hoechter etal. ~ ROTEM n=11)
(Germany) [35] delta 11,300
ICU 49 15 3 274 598 4 175
B covip- @6y OMISF (3345 0 NP NPOONP g0, NP26(22-32) NP (160-328)  (502-645) é‘lno%%‘) (113-347)
Roh etal. ROTEM . . 11,400 +
(USA) [36] delta 30 ICU 63 + 12 15M:15F NP NP NP NP NP NP 33 +8.1 Yes NP NP 7300 255 £+ 103
Kong et al. ROTEM 1 ICU 48 F NP NP NP NP NP NP 28.3 Yes ! 196 840 510 307
(United delta 1 ICU 68 M NP NP NP NP NP NP 27.1 Yes 4 336 680 20,000 126
Kingdom) [37] ' es =Y,
Raval et al. ROTEM
(USA) [38] delta 1 ICU 63 M NP NP NP NP NP NP NP NP NP NP 2143 NP
ICU 62.8 + 379 3456 +
Modified 40 (ROTEM ) NP 54431 NP . NP NP NP 29+55 NP 610 + 190 NP
. 13.1 +13 2641
Nougier et al. ROTEM n=19) NP
(France) [39] delta W
(TEM- 60.2 +
tPA) 38 (ROTEM 14.6 NP / / / / / / 262 +4.8 NP 560 + 170 874 + 539 NP

n=4)
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Table 4. Cont.
Fibrinogen Platelets
First Author 1 . Ward Age  MERao  SOFA AT SIFS SIS picsic (18351\—42[4 9  Comorbidities CRF mg/L)  (mg/dL)  D-Dimers  (10°/uL)
(Country) " 8 : Score Score  Score ) ' (<5 mg/L) * (200—400 (ug/L) (150—450 %
y Score Score Score kg/m?) & &
mg/dL) * 103/uL) *
Modified
. ROTEM
Weiss et al. delta 5 ICU 57415 5M:0F 942 NP NP NP NP NP NP NP NP 740 +240 P F 440 + 270
(France) [40] (TEM- 1623
tPA)
62 680 1500 252
20 ICU 12M: 8 F NP NP NP NP NP NP 28(25-32) NP
Almskogetal.  ROTEM (55-66) " (480-760)  (700-4000)  (206-341)
(Sweden) [41] sigma 61 ) . €s 540 600 212
0 IMW (51-74) M- 12F / / / / / /o 260432) NP (430-650)  (500-1000)  (175-259)
69 75.5
Collett et al. ROTEM , 7.5 (6.25- 750 6100 (2585~ 291
(Australia) [42]  sigma = © €U (674,3;)2‘ SM:1F 11.75) (1655‘755)‘ NP NP NP NP NP NP NP (721-808)  9660) (213-338)
Ibariez et al. ROTEM 61 , } 1 1.8 ) 10 620 1000 236
(Spain) [43] sigma 7 U (5593 IOMIF 406 NP NPONP 50 gg) 20732 Yes NP (480-760)  (600-4200)  (136-364)
67 3
Kruse et al. ROTEM - . 9 28 . 28.1(248- 10 124 667 3950 (2600~ 194
(Germany) [44]  sigma = €U (;’67 'g’) BMSF 63918 (233 N°ONPONP (f) 32.8) Yes (84-217)  (470-770)  5900) (131-316)
ICU
CoVID- o
20 19 5 11M:9F  44+08 NP NP NP NP NP 284447 NP 698 +8 13644965 289+ 155
pneumo- ’
Pavoni et al. ROTEM nia Yes ¢
[~ : es
(Italy) [45] sigma ICU non
coviD- o
25 19 ag  1OM:I5F 2811 NP NP NP NP NP 252423 NP 349 £ 81 1476 £770 183 £ 70

pneumo-
nia
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Table 4. Cont.

Fibrinogen Platelets
First Author 1, 2 e Ward Age  MERao  SOFA AT SEPS SIS picsic (18351\—42[4 9  Comorbidities CRF (mg/L)  (ng/dL)  D-Dimers  (10°/uL)
(Country) " 8 ’ Score Score Score Score Score  Score k' /mz)’ (<5mg/L)*  (200-400 (ug/L) (150-450 x
& mg/dL) * 103/uL) *
MW
COVID-19
56 pneumo- 64+15 37M:19F 2+1 NP NP NP NP NP 30+4 60 £ 56 451 + 168 1079 + 666 277 + 131
Spiezia et al. ROTEM nia Yes 4
; es
(Italy) [46] sigma IMW non
COVID-19
56 pneumo- 76 £ 11 35M:21F 341 NP NP NP NP NP 27+ 6 114 + 77 488 + 198 1296 £+ 8 274 £ 89
nia
ICU before
enhanced . 258 6900 (5700-
12 anticoagu- 5449 12M:0F NP NP NP NP NP NP 303 +5.6 (135-348) 870 £ 200 10,000) 393 £+ 151
.Van der ROTEM lation
Linden et al. - Yes t
sigma ICU after
(Sweden) [47] enhanced 3900 (2200-
14 . 59+ 8 14M:0F NP NP NP NP NP NP 282+42 57 (37-137) 630 £ 250 320 =93
anticoagu- 6800)
lation
69 55 155 0.77 393 2535 196
Blasietal. ~ ROTEM 2 €U G776) OMOF 335g (22 NP NP NP NP 32(27-35) : (042-259)  (300-488)  (860-7848)  (127-293)
RS ; 17.8) Yes
(Spain) [48] sigma
58 ) 3.28 502 565 167
i MW (42-74) SM:3F / / / / / /o 2973 (2.33-8.96)  (172-552)  (425-2188) (154-239)
Van
Veenendaal 0
etal. ROTEM 63 , - 28.8 (24.4- .
(The sgma Y7 ICU (2979 BM:OF / / (7107) / / / 18.4) Yes NP 720 + 160 NP 404 + 154
Netherlands)
[49]
Lazar et al. ROTEM 1 IMW NP NP / / / / / / NP NP NP 653 760 NP
(USA) [50] sigma 1 IMW NP NP / / / / / / NP NP NP 820 1330 NP
Wright et al. TEG 54 . 5 656 1840 232
(USA) [51] Ny 4 IcU (259 BM:I6F NP NP NP NP NP NP 30(27-37) Yes NP (560-779)  (935.4085)  (186.298)
Panigada et al. 56 161 680 (234— 4877 (1197- 348
(Italy) [52] TEG5000 24 ICU 23-71) NP NP NP NP NP NP NP NP NP (39-342) 1344) 16,954) (59-577)
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Table 4. Cont.
Fibrinogen Platelets
First Author | . Ward  Ase  MERatie SOFA  APACHE SOPS SAFS prc sic u oo Comorbiditics CRP (Mg/)  (mg/dL)  D-Dimers  (10¥uL)
(Country) " & ’ Score II Score S S Score  Score k' / 2)' (<5mg/L)*  (200-400 (ug/L) (150-450 x
core core g/m mg/dL) * 103/uL) *
Cordier et al. 69 , 45 3 285 128 680 3600 (1960 220
France) [53] P00 24 ICU oy 16M:BE NP NP 3353 NP0y NP o573 NP (101-249)  (620-790)  6490) (173-294)
Hightower
et al. TEG5000 5  ICU 529(‘;5‘ 3M:2F NP NP NP NP NP NP 344+39 Yes 6 NP 658 + 93 10'769%27i 243 + 35
(USA) [54] :
Maatman ICU
_ 348 + 5 146 535 506 207
(USez: ;ﬂb ) TEG5000 109 (TzElcz;)n 61+16 62M:47F NP NP NP NP NP NP O Yes 101927 @mes)  (2io7y) (152255
Mortus et al. 8300 +
Comy o TEGS00 21 ICU  68£11  12M:9F NP NP NP NP NP NP NP Yes (NS) NP oo BN 210 + 100
Sadd et al. 58 _ R 676 3150 (1000 291
Cen s TEGNOW 101U (U sM2F 4(-5) NP NP NP NP NP 35(30-39) Yes 00325 0 P 221 408)
Yuriditsky
64 , . 104 669 2374 244
(USez: ;1[3 | TEG5000 6  ICU o7 46M:18F NP NP NP NP NP NP NP Yes (515 USLE)  (G2o4s20)  (7esl)
Bocdi et al. 67.5 , 29+ s 160 513 1753 194
(taly)[59] 166 40 ICU 55 5y ZMAIE 5429 NP NP NP Ty NP NP Yes (75-193)  (304-605)  (699-4435)  (163-281)
Stattin et al. 53
65 , g ~ s 214 2100 27
(va[z:(c)i]en) TEGes 31 ICU o 25Mi6F NP NP NP (gg) NP NP 30 (27-33) Yes (153204) NP 003200 (165-248)
Vlot et al.
(The Nether- 67 . . 620 44251870 347
) TEGes 16 ICU T 12Mi4F NP NP NP NP NP NP NP Yes NP 90600 rsh (B03462)
[61]
Patel et al.
(United 525 , 5 6440 +
Kipdom)  TEGSs 39 ICU E 2M7F 8£25 18745 NP NP NP NP 313461 Yes 05101 60190 GRS 272 4+ 77
[62]
Salem et al.
(United
53 , 258 . 400 4000 (3300 228
) rrl?il;:ll’:es) TEGes 52 ICU % SIMIE NP NP NP NP ONPONP 0 Yes 00-117) o0 ooty (137-292)

[63]
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Table 4. Cont.
Fibrinogen Platelets
FirstAuthor | . oo SOFA APACHE “hTS  SAPS pic sic u oo Comorbiditics CRP (Mg/)  (mg/dL)  D-Dimers  (10¥uL)
(Country) & ’ Score II Score Score Score Score  Score k' /mz)' (<5mg/L)*  (200-400 (ug/L) (150-450 x
8 mg/dL) * 103/uL) *
Shah et al. ICU
(United 57 124 M: 63 13 o 202 700 (600~ 2587 (950 241
Kingdom) ~ 1EC0s 187 (TEGn g o4 E NP (1013 NP NP NP NP 28(25-32) Yes (128-294) 1000) 10,000)  (186-318)
[64] =20)
Fan et al.
(Singapore) ~ TEG6s 1 IMW 39 M NP NP NP NP NP NP NP NP 136 770 2,55 NP
[65]
ICU 48 , ] 52 31 (288 , 136 710 8390 (5330 231
7 coviDs (2-sg)  12M:BE120-17) NP ey NP0 NP Tye5 Yes (92-315)  (490-790)  11,180)  (160-245)
Masi et al.
Quantra ICU
(France) [66] " , ) 57 29.3 320 810 4640 (3200 262
1 COVID- hg 55 7MAF  90-17) NP g5 NP 4B6) NP 055 NP (150-367)  (640-945)  20,000)  (224-334)
Ranucci et al. 61 . 26.4 (23.9- 4 794 3500 (2500- 271
Gy o7 Quantra 16 ICU T ISMiTE NP NP NP NP NP NP Yes NP 85033 6500 (192.302)
Bachler et al. 61.5 56
. : , 65 g 28.8 . 187.1 (1164 600 (553 1554 (1227- 230 (202.5-
(Austria) ClotPro 20 ICU (56.25 14M: 6 F (3-8.25) NP NP (53 NP NP (243-31) Yes 275.7) 677.25) 9088) 297.25)
[24] 68) 64)
Jatroch etal 1 62 M NP NP NP NP NP NP NP 21 NP NP NP
(Hungary) ClotPro 1  ICU 80 M NP NP NP NP NP NP NP Yes 2 176-221 448 7370 NP
[68] 1 84 F NP NP NP NP NP NP NP 230-376 544 10,600 NP

Values in italics and in brackets are the reference values; we have indicated our reference ranges * for information purposes. Comorbidities: ! Overweight and obesity, associated with high blood pressure,
diabetes and cardiovascular risk factors; > High blood pressure, diabetes and some additional comorbidities; 3> Overweight and obesity, with some additional comorbidities; * Overweight and obesity; °
Overweight and obesity, associated with high blood pressure, diabetes, pulmonary disease and cardiovascular risk factors; 6 Overweight and obesity, associated with high blood pressure; 7 Overweight and
obesity, associated with cardiovascular risk factors, pulmonary disease and kidney disease; ® Overweight and obesity, associated with diabetes, cardiovascular risk factors, pulmonary disease and kidney disease;
9 Overweight and obesity, associated with high blood pressure, diabetes, kidney disease and cardiovascular risk factors; 1° Overweight and obesity, associated with high blood pressure, diabetes, pulmonary
disease, kidney disease and cardiovascular risk factors; !! Overweight and obesity, associated with high blood pressure and diabetes. Abbreviations: ICU: Intensive care unit (adults); IMW: Internal medicine
ward; PICU: Pediatric intensive care unit; PW: Pediatric ward; IMV: Invasive mechanical ventilation; ECMO: Extracorporeal membrane oxygenation; RRT: Renal replacement therapy; M: Male; F: Female; SOFA
score: Sequential organ failure assessment score; APACHE score: Acute physiology and chronic health evaluation score; SAPS score: Simplified acute physiology score; DIC score: Disseminated intravascular
coagulation score; SIC score: Sepsis-induced coagulopathy score; BMI: Body mass index; CRP: C-reactive protein; NP: Not provided; TEG: Thromboelastography; ROTEM: Rotational thromboelastometry; TEM:
Thromboelastometry; tPA: tissue plasminogen activator.
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The number of COVID-19 patients with at least one VET performed in each article
ranged from 1 [26,38,65] to 64 [58]. Mean or median adult COVID-19 patients ages ranged
from 39 [65] to 84 years [68]. Excluding case reports, the proportion of women among the
studies reporting gender ranged from 0 [40] to 50% [29,33,36].

Overall, most patients presented with overweight or obesity, associated with other ad-
ditional co-morbidities such as diabetes or hypertension. Overall, COVID-19 patients were
characterized by hyperfibrinogenemia, marked increased D-dimer levels, and increased
C-reactive protein (CRP). The majority of patients received thromboprophylaxis either
with unfractionated heparin (UFH) or low molecular weight heparin (LMWH) (at usual
prophylactic doses or higher) according to published guidance [74-76] or local protocols.
Thrombotic events (such as deep vein thrombosis, pulmonary embolism, ischemic stroke,
or acute kidney injury) were reported as an outcome in 36 articles [24,26-29,31,33,34,36—
40,42-44,47-49,51,53-68].

3.5. Results of the Viscoelastic Tests
3.5.1. ROTEM

ROTEM devices were used in 25 studies with a total of 708 patients, of whom 435
were ICU COVID-19 patients, most of them intubated and mechanically ventilated. Five
studies compared results from COVID-19 patients versus non COVID-19 patients: one
reported data from non-ICU patients [46], whereas the four other ones reported data from
ICU patients [32,35,36,45]. Six studies reported data from both ICU and IMW COVID-19
patients [28,32,33,39,41,48].

Data from ROTEM gamma, delta, and sigma were reported in one study, thirteen
studies [28-40], and ten [41-50], respectively. One case report did not specify the device [26].
Results are displayed in Table 5 (EXTEM, INTEM, and FIBTEM assays), Table 6 INTEM
and HEPTEM assays), and Table 7 (EXTEM and TEP-tPA).

As a general rule, three assays were performed, mostly INTEM (19 studies), EXTEM
(23 studies), and FIBTEM (23 studies). The great majority of the articles reported results
from EXTEM assay with or without INTEM assay and associated with FIBTEM assay.
Only four articles [26,41,44,50] reported data from HEPTEM assay (Table 6), while almost
all patients received anticoagulation by UFH or LMWH at least at a prophylactic dose.
The APTEM assay results were only reported by one case report [26] and were consistent
with the absence of hyperfibrinolysis. Two studies reported data from TEM-tPA (Table 7),
an investigator-modified assay derived from EXTEM assay to investigate a potential
hypofibrinolysis [39,40].

Among the 18 articles reporting data from EXTEM, INTEM, and FIBTEM assays,
16 [26,27,29,31,33,36,38,41,42,44-50] found an increase in “amplitude of the clot” in the
three assays, and 2 only in EXTEM and FIBTEM assays [43], or in FIBTEM assay alone [28].
Among the four articles reporting data from EXTEM and FIBTEM only [30,34,35,37], EX-
TEM only [32], EXTEM and TEM-tPA only [40], and TEM-tPA only [39], an increased in the
“amplitude of the clot” was also a common finding.

Besides the increased clot amplitude, other abnormalities were interpreted as suggest-
ing a hypercoagulable state. First, a shortened CFT in EXTEM, INTEM, FIBTEM, and/or
HEPTEM was evidenced in 14 studies [26,27,31-33,38,41-46,49,50] out of 18, whereas
the others found no abnormalities or even a prolonged CFT [28,29,35,37]. Second, four
studies [32,38,39,50] out of five showed an increase in « angle in EXTEM or in TEM-tPA,
whereas the last reported a normal or even a decrease one [37].
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Table 5. Main findings of studies reporting ROTEM results (except APTEM and TEM-tPA assays).

EXTEM INTEM FIBTEM Association .
. Definition of
with the a1
. Hypercoagulability
First Author . . . Occurrence
(Country) Design n Ward Device Controls CT© CFT a Angle AG (mm) MCF ML (%) LI30 LI60 %) CT(s) CFT aAngle A(x) MCF ML CcT© CFT A®X) MCF ML LI30 LI60 Conclusions of the Study of Assessed by VET
4 (s) ©) (mm) (%) © (s) ©) (mm) (mm) (%) (s)  (mm) (mm) (%) (%) (%) . According to the
Thrombotic
Authors
Events
ICU (T1: DO) Reference N N NP t t NP 100 N N N NP t t NP N 4 t t NP 100 100
Twasaki et al. _ICU (T2:D1) rangeas N N NP t t NP 100 N N N NP t t NP N ' t t NP 100 100  Hypercoagulable state not Increased MCF and
Case report 1 NS assessed by detected by conventional NA
(Japan) [26] . decreased CFT
ICU (T3: D2) the N N NP t t NP 100 N N N NP t t NP N ' t t NP 100 100 coagulation tests
manufacturer
ICU (T1:
40 ( - upont Reference .
Retrospective admission) range as Inflammatory state associated
. F n .
Pavoni et al. observational ROTEM assessed by N-11N-11 NP t t NP NP Nt N N-11 NP t 1 NP NP NP NP rom NP NP NP with a hypercoagulable s.tate NA Increased MCF and
(Italy) [27] 415, =  gamma to N? rather than a consumption decreased CFT
study %0 ICU (T2: 5 the coagulopath:
days later) manufacturer geiopaty
ICU (T3: 10
33040 days later)
32 ICU Reference N N N N N N
_— _— _— E— _— Hypercoagulable state
. range .
Boscolo et al Prospective ROTEM  previously assessed by an increased
" observational . NP NP NP NP NP NP NP NP NP NP NP 3 NP NP NP MCF in FIBTEM. No No Increased MCF
(Italy) [28] 32 IMW delta established N N N N N N . .
study R differences between patients
in healthy . .
with and without TE
adults
30 ICU N-t N NP NP t N NP NP N N NP NP t N NP NP NP t NP NP NP Decreased CT
Refi d/or CFT i
Prospecti 1630 SOFA score< TN Nt N NP NP t N NP NP N N NP NP t N NP NP NP t NP NP NP ) and/or CFTin
N rospective 10 range as Hypercoagulable state with EXTEM and/or
Corréa et al. R ————— ROTEM R
N observational assessed by increased MCEF related to NA INTEM, and/or
(Brazil) [29] delta . . . .
study 14/30 SOFA score > the N- 1 N NP NP ' N NP NP N N NP NP ' ' NP NP NP ' NP NP NP high fibrinogen levels increased MCF in
/ 10 manufacturer EXTEM, INTEM
and/or FIBTEM
D-dimers Ref Critically ill COVID patients
N ; 5/11 levels <3245 clerence N NP NP N-t NP 0 NP NP NP NP NP NP NP NP NP NP NP t NP NP NP havesignificant elevation in
Madathil et al. rospec» e ug/L ROTEM range as D-dimers levels consistent
observational N d by . . . NA NP
(USA) [30] stud D-dimers delta the with microthrombosis and an
Y 6/11 levels > 3245 N NP NP N-t NP 0 NP NP NP NP NP NP NP NP NP NP NP t NP NP NP impaired systemic
manufacturer - .
ug/L fibrinolysis
Reference Hypercoagulable state rather
Prospective range than a consumptive
Spiezia et al. observational ROTEM  previously | ' ' ' ' coagulopathy such as DIC, Increased MCF and
(Italy) [31]  case control 2 Icu delta established N NP NP N NP NP N NP NP N NPONP NP NP NP NP due to both increased levels NA decreased CFT
study in healthy of fibrinogen and excessive
adults fibrin polymerization
1 I?; Caf-i)evnlg- Reference N 4 t t t 4 NP t NP NP NP NP NP NP NP NP NP NP NP NP NP  Hypercoagulable state and
P: . . s
. range hypofibrinolytic profile with
Prospective ICU non- . Increased clot
Tsantesetal. | ational 9 covip-19  ROTEM - previously | t t t | NP t NP NP NP NP NP NP NP NP NP NP NP Np  Np | decreased CFTandMLyand amplitude (A(x)
(Greece) [32] stud atients delta established increased aa angle, A10, MCF and/or MCF)
study —IMW in healthy and LI60. More pronounced ©
21 ; adults t 4 t t t N NP t NP NP NP NP NP NP NP NP NP NP NP NP NP trend in ICU patients

19 patients
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Table 5. Cont.

EXTEM INTEM FIBTEM Association S,
. Definition of
with the o1
. Hypercoagulability
First Author . . . Occurrence
(Country) Design n Ward Device Controls CT(s) CFT « Angle AG) (mm) MCF ML (%) LI30 LI60 (%) CT (s) CFT aAngle A(x) MCF ML CT(s) CFT  A(x) MCF ML LI30 LI60 Conclusions of the Study of Assessed by VET
i (s) © (mm) o %) ” (s) ©) (mm)  (mm) (%) (s)  (mm) (mm) (%) (%) (%) . According to the
Thrombotic
Authors
Events
_— Hypercoagulable state
Al-Ghafry et Retrospective é’(;(\i/l:[t)nlcg ROTEM Rerfe;ence comparable to adults. No Increased clot
al. observational 8 . aN8E a/g 184 NP 2/8 t 4/8 1 NP NP NP 184 184 NP 2/8 t 38t NP NP NP 6/81 6/8'1 NP NP NP correlation between MCF and No amplitude (A(x)
(USA)[33]  study patients (5 - delta according to Clauss fibrinogen nor D- and/or MCF)
PICU, 3 PW) age .
dimers levels
Reference . - .
. Impaired fibrinolysis
Creel-Bulos et Retrospective ROTEM range as (fibrinolysis shutdown) i
al. observational 25 Icu assessedby NP NP NP NP t I NP NP NP NP NP NP NP NP NP NP NP t NP NP NP ANOySs S Cown) 18 Yes NP
delta associated with a higher rate
(USA) [34] study the
of TE
manufacturer
Retrospective 2 (ROTEM n ICU COVID-19 Reference N NP NP N N NP NP NP NP NP NP NP NP NP NP NP t NP NP NP
Hoechter et al. . =11) patients range as .
observational ROTEM COVID-19 patients have
(Germany) case control ICU non- delta assessed by higher coagulatory potential No NP
135] o 14 COVID-19 the N N NP NP N N NP NP NP NP NP NP NP NP NP NP NP N NP NP NP B suiatory p
Y patients manufacturer
30 ICU COVID-19 Critically-ill COVID-19
ARDS patients patients characterized by
Retrospective Surgical non elevated D-dimers levels and Increased MCF two
Rohetal.  observational 1CU surgical ROTEM COVID t NP NP NP t NP NP NP ' NP NP NP ' NP NP NP NP 1 NP NP NP hyper'coagulable. sl'flte related NA SD above normal
(USA) [36]  case control delta . to increased fibrinogen. healthy control
30 non-COVID-19 patients . . .
study tient Negative correlation between testing
patients D-dimers levels and ROTEM
MCF
Hypercoagulable state with
1 ICU t N N t t N NP N NP NP NP NP NP NPt N t t N NP ! decreased CFT and increased
MCF
Reference —
Kong et al range as Hypocoagulable state with
(United Case report ROTEM assessed by increased C.FT a.nd. deCre.ased NA Increased MCF
Kingdom) [37] delta the MCF, with fibrinolysis
& 1 ICU t | | ' [ NP t NP NP NP NP NP NP P NP N N VooNe ot shutdown as assessed by
manufacturer N
decreased ML%, increased
L160 and high level of D-
dimers
Reference
Raval et al ROTEM range as Hypercoagulable state: VET Increased MCF and
valetds  Case report 1 Icu assessed by NP 4 t NP t NP NP NP NP NP NP NP t NP NP NP NP t NP NP NP asa possible screening tool NA a angle, and
(USA) [38] delta X
the for severe disease? decreased CFT

manufacturer
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EXTEM INTEM FIBTEM Association .
. Definition of
with the o1
. Hypercoagulability
First Author . . . Occurrence
Design n Ward Device Controls CFT a Angle MCF LI30 CFT aAngle A(x) MCF ML CFT A®x) MCF ML LI30 LI60 Conclusions of the Study Assessed by VET
(Country) CT (s) A(x) (mm) ML (%) LI160 (%) CT (s) CT (s) of |
(s) ©) (mm) (%) (s) ©) (mm)  (mm) (%) ()  (mm) (mm) (%) (%) (%) . According to the
Thrombotic
Authors
Events
No clot lysis after 60 min in
Prospective Modified Reference patients as compar'ed to
Weiss et al.  observational ROTEM range healthy controls. Resistance
o : N 5 ICU established NP NP NP NP t NP NP NP NP NP NP NP NP NP NP NP NP t NP NP NP toclotlysis not only related NA Increased MCF
(France) [40] case control delta (TEM- AP
stud tPA) in healthy to high fibrinogen levels:
study adults dysregulation of the
fibrinolytic system?
20 ICU t ' NP te 13 NP 100 NP t ' NP T s NP NP NP NP t3 NP NP NP Association between MCF-
FIBTEM and Clauss
fibrinogen. Hypercoagulable
Reference state as assessed by ROTEM
Prospective range can be seen early after
Almskog et al. observational ROTEM_ previously admission, with a more NA Increased MCF
(Sweden) [41] 40 MW sigma  established 1 i NP t t NP 100 NP t N NP t t NP NP NP NP t NP NP NP ! R
study R pronounced pattern in
in healthy . o
adults patients with increased
disease severity: ROTEM
useful to predict TE and care
level?
Reference Hypercoagulable state as
Collett etal. Prospective ROTEM range as N-} assessed by VET with Increased clot
(Australia) observational 6 ICU com. assessed by NP 206 NP 5/6 t t5/6 Ne6/6 NP NP NP V56 NP NP t 5/6 0 NP NP 6/61 t6/6 0 NP NP increased MCF, minimal NA amplitude (A(x)
[42] study sigma the fibrinolysis and and/or MCF)
manufacturer hyperfibrinogenemia
Reference Hypercoag-ulable state mainly
Prospective range as characterized by decreased
thafezetal. -\ orvational 19 icu ROTEM - cessedby N-1 N-+ NP NP t NP 100 10 N N NP NP N NP NP NP NP t NP 100 100 _[fbrinolyticcapacity NA  Increased MCF
(Spain) [43] sigma associated with a paradoxical
study the . . .
increase in D-dimers levels:
manufacturer . .
fibrinolysis shutdown?
40 ICU t | NP NP t ' NP NP t | NP NP t ' N N NP t NP NP NP Hypercoagulable state with
23/40 >1TE t [ t I te [ t 15 N N t increased MCF related to
Reference high fibrinogen levels.
Kruse etal.  Prospective range as Hypofibrinolysis with
(Germany) observational ROTEM assessed by decreased ML% Yes NP
[44] study 17/40 no TE sigma the t | NP NP t N NP NP t I} NP NP t N N N NP t NP NP NP Combination of ML% with D-
manufacturer dimers levels revealed high

sensitivity and specificity of
TE risk prediction
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EXTEM INTEM FIBTEM Association .
. Definition of
with the .
. Hypercoagulability
First Author . . . Occurrence
(Country) Design n Ward Device Controls CT () CFT « Angle AG) (mm) MCF ML (%) 0 LI60 (%) CT(s) CFT o Angle A(x) MCF ML CT(s) CFT A®X MCF ML LI30 LI60 Conclusions of the Study of Assessed by VET
i (s) ©) (mm) (%) ” (s) ©) (mm)  (mm) (%) ¥ mm  mm (%) %) (%) . According to the
Thrombotic
Authors
Events
ICU COVID-19
mo e N v N N SRR
admission)
ICU non- NP NP NP NP NP NP NP NP NP NP
COVID-19
25 i N N N N N N N N N N
i . pneumonia Reference Hypercoagulable state with
Prospective (Tl:.u];.yon range as decreased CFT and increased
Pavoni et al. case controls admission) ROTEM N
(ltaly) [45]  observational ICUCOVID-19  sigma assessed by MCEF, more pronounced in NA Increased MCF
¥ sy ‘ e - omin 8 the patients with COVID-19
S u 14
f: i t7 te i
20 (T2: 10 days manufacturer N N N N N N N N pneumonia
later)
ICU non- NP NP NP NP NP NP NP NP NP NP
COVID-19
25 pneumonia N N N N N N N N N N N
(T2: 10 days
later)
Prospective 56 IMW COVID- Healthy Hypercoagulable state with
Spiezia et al . P ntrols __~ 19 pneumonia ROTEM adult decreased CFT and increased Decreased CET and
(pl:j j[i ;‘] : (fz‘se:v"mo‘;;l MWron- o) volunteers N 1" NP NP tn N NP NP N " NP NP t2 N NP NP NP t2 NP NP NP MCF, more pronounced in NA el; era‘:s ey c;
g Sy 56 COVID-19 8 age- and sex- patients with COVID-19 crease
Y pneumonia matched pneumonia
ICU before A more aggressive
12 enhanced Reference anticoagulation is associated
Van der Cross anticoagulation range with a reduction in FIBTEM-
Lindenetal.  sectional ROTEM  previously - np NP t NP NP NP N NP NP NP t NPt NP NP e np np Np MOF(EOO0DnClauss g, eged McE
(Sweden) [47] cohort stud ICU after sigma established fibrinogen (p < 0.05), in
Y 14 enhanced in healthy inflammatory biomarkers and
anticoagulation adults

in pulmonary embolism
outcome (p < 0.05)
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Table 5. Cont.

EXTEM INTEM FIBTEM Association N,
. Definition of
with the ot
. Hypercoagulability
First Author . . . Occurrence
(Country) Design n Ward Device Controls CT(s) CFT « Angle AG) ( ) MCF ML (%) LI30 LI60 (%) CT(s) CFT aAngle A(x) MCF L CT(s) CFT AKX MCF ML LI30 LI60 Conclusions of the Study of Assessed by VET
i SNCIEC) I (mm) 7w " e O mm @m0 © mm) (mm) ) () (%) . According to the
Thrombotic
Authors
Events
N
12 ICU Reference 100 t Hypercoagu.labl.e state n'.mre
Retrospective range as pronounced in sicker patients
Blastetal. = | orvational ROTEM (essedby N NP NP NP N-t NP NP NP NP NP N-t NP NP NP NP N-t NP NP _and related to NA Increased MCF
(Spain) [48] stud 11 IMW sigma th N N hyperfibrinogenemia and low
study © fibrinolysis despite
manufacturer . .
anticoagulation
47 ICU N-1 NP t t NP NP NP N ' NP t t NP NP NP NP t NP NP NP _ Hypercoagulable state with
Van Reference .
Veenendaal et Retrospective 10/47 21TE range as N N t t decreased CFT and increased
Ll e ]; ’ Pu ; X ROTEM ' j o MCF related to high N Decreased CFT and
al. (The - observationa sigma assessed by NP tu tis NP NP NP ‘e NP t1s NP NP NP NP NP NP NP fibrinogen levels. Correlation ° increased MCF
Netherlands) study 37/47 no TE the t 4 N t t .
[49] manufacturer between increased CT and
lacture prolonged aPTT and PT
a i i i t i 1 t 1 able
Lazar et al. Case report : - ROTEM reI;eol'ce:ce - = = > = R r:;);sterecaor?gt:]tbhl; jltiantiecal NA Increased MCF
(USA) [50] se rep 1 MW sigma t N N N-t t NP NP t N N NPt t Np NP P y )

range

course of the disease

1 No difference between D0 and D10 (p > 0.05); 2 Normalization between D0 and D10 (p < 0.05); 3 Higher MCF in ICU patients than in IMW ones (p < 0.05); 4 Higher A(x) in ICU patients than in IMW ones
(p < 0.05); 5 Lower ML in patients with TE (p < 0.05); ® Longer CT in patients with TE (p < 0.05); 7 Higher clot amplitude in COVID-19 patients upon admission (p < 0.0001); 8 Higher MCF in COVID-19 patients
upon admission (p < 0.0001); 9 Higher clot amplitude in COVID-19 patients upon admission (p < 0.05); 10 Higher MCF in COVID-19 patients upon admission (p < 0.05); 11 Shorter CFT in COVID-19 patients (p <
0.001); 12 Higher MCF in COVID-19 patients (p < 0.05); 13 Higher MCF with low dose of LMWH (p < 0.001); 1 Higher A(x) in patients with TE (p < 0.05); 1> Higher MCF in patients with TE (p < 0.05); ' Shorter
CFT in patients with TE (p < 0.05). Results from the APTEM assay were only reported by one case report [26] and were consistent with the absence of hyperfibrinolysis. Results from the HEPTEAM assay were
reported by only four studies and are displayed apart [26,41,44,50]. Results from the investigator-modified assay derived from EXTEM assay to investigate potential hypofibrinolysis (TEM-tPA) were reported by
only two studies and are displayed apart [39,40]. Abbreviations: ICU: Intensive care unit (adults); IMW: Internal medicine ward; PICU: Pediatric intensive care unit; PW: Pediatric ward; TE: Thrombotic events; N:
Result within the reference range; 1: Result above the reference range; |: Result below the reference range; N-1: Result at the upper limit of the reference range; N-|: Result at the lower limit of the reference
range; NP: Not provided; NA: Not assessed; tPA: tissue plasminogen activator.
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Table 6. Main findings of studies reporting results from the HEPTEM assay (ROTEM).
Associatio N
INTEM HEPTEM . Definition of
n with the o
First Author Occurrence Hypercoagulability
(Country) Design n Ward Device Controls cr Anl A MCE cr a MCE ML Conclusions of the Study of Assessed by VET
v CFT(s)  *A08e & C ML (%) CFT(s)  Angle D Thromboti According to the
(s) ©) (mm) (mm) (s) o (mm) (%) romboti Auth
© c Events uthors
ICU (T1: DO) N N NP t t NP NP NP NP NP NP
Reference
ICU (T2: D1 N N NP t t NP N N NP N NP
Iwasaki et al. ( ) range as Hypercoagulable state not Increased MCF and
Case report 1 NS assessed by detected by conventional NA
(Japan) [26] . decreased CFT
the coagulation tests
manufacturer
ICU (T3: D2) N N NP t t NP N N NP N NP
Association between MCF-
FIBTEM and Clauss
fibrinogen.
Reference Hypercoagulable state as
Almskog et Prospective 20 Icu range t ' NP te 2 NP t NP NP NP NP assessed by ROTEM can be
R ROTEM . o
al. observational iom previously seen early after admission, NA Increased MCF
(Sweden) [41] study sigma established in with a more pronounced
healthy adults pattern in patients with
increased disease severity:
ROTEM useful to predict
TE and care level?
40 IMW t N NP t t NP t NP NP NP NP
40 ICU t ' NP NP t ' N ' NP t NP Hypercoagulable state with
increased MCF related to
Reference high fﬂ.aru.'\ogon.]ovc‘l&
Kruse et al. Prospective range as Hypofibrinolysis with
(Germany) observational 23/40 >1 TE RQTEM assessed by t ' t ' N t d.ecrntased ML o Yes NP
44] stud sigma the N NP ' NP NP Combination of ML% with
[ Y D-dimers levels revealed
manufacturer . -
high sensitivity and
specificity of TE risk
17/40 no TE t ' t N N t prediction
1 MW N N N t t N N N N t N
Lazar et al. ROTEM Local Hypercoagl.llable st.at.e
Case report . reference present early in the clinical NA Increased MCF
(USA) [50] sigma ¢
1 IMW range t N N N N N N N N N N course of the disease

Abbreviations: ICU: Intensive care unit (adults); IMW: Internal medicine ward; TE: Thrombotic events; N: Result within the reference range; 1: Result above the reference range; |: Result below the reference
range; NP: Not provided; NA: Not assessed; tPA: tissue plasminogen activator.
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Table 7. Main findings of studies reporting results from the TEM-tPA assay (ROTEM).

EXTEM Assay TEM-tPA Assay Association with Definition of Hy-
First author Design n Ward Devi Control: o Conclusi the Occurrence of  Re 0S8 lbfbl\llll?'i'
(Country) & ar evice ontrols CT CFT  ,ngle A(M  MCF ML  LI30 LI60 MCF L3B0 ML onclusions Thrombotic Asseside, HAAS
(s) (s) © (mm) (mm) (%) (%) (%) (mm) (%) (%) Events Outcomes cco[:ll‘t‘l‘l%r: e
Hypercoagulable state associated with
Nougier Prospective 19 ICU Modified Reference range 1 2 impaired fibrinolysis leading to a high
etal. observational ROTEM delta previously established NP NP NP NP NP NP NP NP T T NP thrombin generation despite adequate NA Increased MCF
(France) [39]  case control study — [y (TEM-tPA) in healthy adults antithrombotic therapy
No clot lysis after 60 min in patients as
Wei tal Prospective Modified Reference range compared to healthy controls.
(Frsll-nscsei [Zd] observational 5 ICU ROTEM delta established in healthy NP NP NP NP T NP NP NP T NP 1 Resistance to clot lysis not only related NA Increased MCF
case control study (TEM-tPA) adults to high fibrinogen levels: dysregulation

of the fibrinolytic system?

! No difference between the two groups (p > 0.05); 2 Higher LI30 in COVID-19 patients (p < 0.05). Abbreviations: ICU: Intensive care unit (adults); IMW: Internal medicine ward; N: Result within the reference
range; 1: Result above the reference range; |: Result below the reference range; NP: Not provided; NA: Not assessed; tPA: tissue plasminogen activator.
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Some articles also reported a reduced or absent fibrinolysis, better evidenced with
added plasminogen activator (tissue plasminogen activator, tPA) [39,40] than
without [26,30,32,34,37,42-44,46,48],  whereas others did not report any
abnormality [27,31,35,45,46,50]. Few articles studied fibrinolysis over time and found
it persistently defective [26,29]. Fibrinolysis was weaker in ICU COVID-19 patients than
in non-ICU COVID-19 patients (p < 0.05 [32,39,48]), and among ICU patients in those
with SOFA score > 10 (p = 0.004 [29]) or with thrombotic events (p = 0.001 [44]). However,
there was no difference between ICU COVID-19 patients and ICU non COVID-19 patients
(p > 0.05 [32]).

Among the five studies comparing results from COVID-19 patients versus non-COVID-
19 (surgical or suffering from pneumonia or ARDS) patients [32,35,36,45,46], three reported
a hypercoagulable pattern only in COVID-19 patients (p < 0.05 [35,36,45]), a finding which
could be explained by a fibrinogen level remaining within the reference range for non-
COVID-19 patients [45]. The other two [32,46] showed a similar hypercoagulable pattern
in COVID-19 and non-COVID-19 patients as compared with healthy controls (p < 0.001),
however with a more pronounced one (p < 0.05) in COVID-19 patients despite a similar
fibrinogen level [46].

Among the five studies reporting data from COVID-19 adult patients both in an ICU
and an IMW [28,32,39,41,48], one showed a similar hypercoagulable profile (increased
maximum clot firmness) for both groups (p > 0.05 [48]), whereas the four others showed
a similar hypercoagulable pattern (increased “amplitude of the clot” or maximum clot
firmness with or without a decreased CFT) for both groups compared with healthy con-
trols or manufacturer’s reference range; however, the hypercoagulable pattern was more
pronounced for ICU patients (p < 0.05 between both groups).

Results reported in children [33] showed a hypercoagulable pattern comparable to
adults with an increased in MCF in INTEM, EXTEM, and FIBTEM assays and a slightly
decreased CFT.

Overall, the authors concluded from those described reports that COVID-19 pa-
tients exhibit a hypercoagulable profile characterized by an increased fibrinogen compo-
nent of clot mechanical strength reflected by an increase in clot amplitude (A(x)) and/or
maximum clot firmness (MCF), sometimes associated with a shorter clot formation time
CFT [26,27,31-33,38,41-46,49,50], or an increased « angle [32,38,39,50]. This pattern was
often associated with an impaired or absent fibrinolysis [26,30,32,34,37,39,40,42—44,46,48].

In summary, four points are worthy of consideration. First, the hypercoagulable profile
defined just above was observed early in the clinical course of the disease [41,50]. Second,
it was observed in both ICU and non-ICU COVID-19 patients [28,32,39,41,48]. Third, it
persisted over time from admission up to 10 to 14 days later [26,27,29,45]. Fourth, it was
observed even in the absence of heparin neutralization and despite higher therapeutic
intensity anticoagulation administration [26,47]. Of note, only six studies [28,33-35,44,49]
gathering 195 patients examined the potential association with thrombotic events occurring,
and only two [34,44] reported that patients with thromboembolic complications exhibited
low or even absent fibrinolysis.

3.5.2. TEG

A total of 403 patients, of whom 402 were COVID-19 ICU patients, had at least one
VET performed with TEG. Most of them were intubated and mechanically ventilated. They
almost all received anticoagulation by UFH or LMWH], at least at prophylactic dose.

Among the 15 TEG studies, two versions of the device were used: the TEG5000
(n =7) [52-58] and the brand-new version TEG6s (1 = 7) [59-65]. One article reported data
without specification of the device [51]. Results are summarized in Table 8.

Kaolin TEG with heparinase (CKH) was the most used assay, as heparin is neutralized,
and most patients received heparin. Among the 14 studies using this assay [51-60,62-65],
an increase in maximum clot amplitude was reported, but this finding needs to be tempered
for the following reasons. With patients’ values higher than reference [51,54,57,58,60] or
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locally established [52,53,56] values, MA was considered abnormally increased, while in
other studies MA was found at the upper limit of normal [59,62,64,65] or increased only
in certain patients [55,63]. For reaction time (R), 5 studies found decreased values from
reference ranges [57] or from healthy volunteers [52,53,55,58], 4 reported decreased kinetics
reaction K parameter as compared with healthy volunteers [52,53,55,58], and 11 reported
increased « angle as compared with reference ranges (42,45-48,52,53) or healthy volun-
teers [54,57-60,64,65]. Impaired fibrinolysis was found in eleven studies, with ‘fibrinolytic
activity” at 30 min after maximum amplitude (LY30) reduced as compared with reference
ranges in healthy volunteers [52,53], or even undetectable [51,54,57-60,62-65].

TEG Functional Fibrinogen (CFF) was assessed in four studies [59,61,62,65], showing
an increase in maximum clot amplitude with a median CFF-MA ranging from 41 to 56 mm
for all patients as compared with manufacturer’s reference range (15 to 32 mm), and with a
negative skewness coefficient of —0.37 [59].

Increased fibrinogen component of clot strength was considered as the hallmark
of hypercoagulability, associated with at least one of the following: a shorter reaction
time R [52,53,55,57,58], a shorter kinetic time K [52,53,55,58], and an increased o« an-
gle [52-60,64,65]. This pattern was often associated with an impaired [52,53] or absent
fibrinolysis [51,54,57-60,62-65].
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Table 8. Main findings of studies reporting TEG results.

CRT Assay /Rapid-TEG CK Assay CKH Assay CFF Assay Definition of
First Author Association with the Hypercoagulability
(Country) Design n Ward Device Controls TEG- R K aangle A10 MA LY30 R K aangle MA LY30 R K aangle MA LY30 A10 MA Conclusions of the Study Occurrence of Assessed by VET
i ACT (min)(min) (°) (mm) (mm) (%) (min)(min) (°) (mm) (%) (min) (min)  (°) (mm) (%) (mm) (mm) Thrombotic Events According to the
Authors
Fibrinolysis shutdown, as evidenced by
) Reference elevat.ed D-dimers le‘vels and ?omplete i Increased MA despite
Wright et al. Retrospective range as failure of clot lysis at 30 min on Yes : higher rate of TE appropriate
& " observational 44 IcU NP assessedby NP NP NP NP NP NP NP NP NP NP NP NP N NP N t 0 NP NP thromboelastography predicts  (p <0.05), shorter time ppropria
(USA) [51] X prophylactic
study the thromboembolic events and need for to TE (p = 0.001) . .
B, B . anticoagulation
manufacturer hemodialysis in critically ill patients
with COVID-19.
Reference
. range Decreased R, K or
. Prospective . Hypercoagulable state assessed by a
Panigadaetal. | vational 24 IcU TEGs000 PRV xp np NP NP NP NP NP NP NP NP NP NP 2PA 224 4gpi it g1pat 224 \p NP shortened K, decrease LI30 and NA _ Lys0as wellas
(Italy) [52] tud established i 4 + . e MA and 1 increased o angle or
study in healthy increase and a angle MA
adults
24 ICU (T1: upon Hypercoagulable state which persists
admission) even in case of favorable clinical
Reference . .
evolution. No difference between obese
. range R N Decreased R, K or
Cordier et al Retrospective previousl and non-obese patients. No difference LY30 as well as
" observational TEG5000 usy NP NP NP NP NP NP NP NP NP NP NP NP 4! 4! t t2 0 NP NP between according to the severity of CT No .
(France) [53] ICU (T2: at established K . X increased a angle or
study 10/24 disch. in health: lesions. No difference between patients MA
ischarge) Y who developed TE and those who did
adults X .
not. No difference between patients
who died and those who survived
Reference
. Retrospective range as s . Decreased R or K as
Hightower etal. | vational 5 Icu TEG5000 assessedby NP NP NP NP NP NP NP NP NP NP NP NP N N t t 0o Np Np Tlypercoagulable state withimpaired NA well as increased
(USA) [54] fibrinolysis
study the angle or MA
manufacturer
109 (TEG n IcU NP NP NP NP NP NP NP NP NP NP NP Ne Y22 s osm2t o one one N At the parameters
=12) i } level: decreased R or K
Hypercoagulable state as assessed by a .
78/109 no TE Reference NP NP NP NP NP NP NP NP NP NP NP NP 5/8 4 3/8 1 3/81 3/8 t NP NP NP . . o e as well as increased o
. raised MA and an absent fibrinolysis,
Retrospective 31/109 >1TE range NP NP NP NP NP NP NP NP NP NP NP NP 3/4 4 2/4 1 2/41t 2/4 1 NP NP NP despite at least hylactic d ¢ angle or MA. At the
Maatman et al. multi-center previously espite at least prophyactic dose o thromboelastography
X TEG5000 X LWMH or HNF. However, no No
(USA) [55]  observational established . L level : two or more
s systematic association between
study in healthy parameters beyond
adults N N + t NP t N t N N N 0 t N N t NP NP t hypercoagulable state as assessed by

TEG and TE outcomes

one SD of the age- and
gender-matched
controls
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Table 8. Cont.

CRT Assay /Rapid-TEG CK Assay CKH Assay CFF Assay Definition of
First Author ) ) ) Association with the Hypercoagulability
(Country) Design n Ward Device Controls TEG- R K aangle A10 MA LY30 R K aangle MA LY30 R K aangle MA LY30 A10 MA Conclusions of the Study Occurrence of Assessed by VET
ACT (min)(min) (°) (mm) (mm) (%) (min)(min) (°) (mm) (%) (min) (min)  (°) (mm) (%) (mm) (mm) Thrombotic Events According to the
Authors
21 ICU NP NP NP NP NP NP NPt NP N t N N NP N-t t N NP NP Yes: Innate TEG MA
11/21 <1TE Reference NP NP NP NP NP NP NPt ONP N N N N NP N-t t N NP NP Innate TEG MA provides 100% pr(?v?des 100%
range e o, . sensitivity and 100% o
Mortus et al. Retrospective previousl sensitivity and 100% negative negative predictive a angle > 73 and/or
: TEG5000 ousy predictive value to discriminate N MA > 65 mm after
(USA) [56]  cohort study established . . . value to discriminate . .
10/21 >2TE . NP NP NP NP NP NP NP N-t NP N t N-t N NP t t N NP NP between patients with high rate of TE . ... heparinase correction
in healthy R between patients with
and those with low rate. .
adults high rate of TE and
those with low rate.
10 ICU Reference NP NP NP NP NP NP NP N NP NP NP NP N t t 0 NP NP
Retrospective >1 TE and after range as . .
(ssgi)e;;;] observational  4/10 tPA TEGS5000 assessedby NP NP NP NP NP NP NP N NP NP NP NP N N N-f N 0 NP NP Hy"erc‘)ag‘”::l:::;i‘;’"h impaired NA NP
cohort study thrombolysis the
6/10 No TE manufacturer NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP
64 ICU Reference NP NP NP NP NP NP NP 19464 NP NP NP NP 28{64 28(64 45/64 t 38/64 1 N NP NP
L Retrospective - range as No correlation between D-dimers
Yu(r{;:l;i;(é;l] al observational ~ 26/64 b f;r[r]\:(;s le)/Lels TEG5000  assessed by N levels and LY30, no association No R <I311‘::7I§) :nlmmn,
study D::l' lovel the NP NP NP NP NP NP NP N° NP NP NP NP N? ts 3 N? NP NP between TEG variables and TE
38/64 -> ;‘5‘;(;1;}’; s manufacturer |4
40 ICU (T1) Hypercoagulable state as assessed by
6/40 ICU (T2: 7 days Ref N-4°  N° N° ts ts ts 0 N° N N° NP 0 N N N-t° N-t3 o ts ts an increased a angle and clot
Prospective 26/4 later) ;ne];en:: amplitude, associated with an absent
Bocci et al. © pec. ¢ 23/40 Dead 8¢ lysis of the clot at 30 min but no
(Italy) [59] observational TEGos assessed by correlation with the occurrence of TE No NP
study . manutf};ecturer 30 ON® N-§3 3 13 N-t3 0 N N? N? NP 0 N* N N-t3 N-t3 0 t3 13 No difference between D0 and D7, nor
17140 Alive between patients who survived and
those not
ICU (T1: within
31 4 days after
admission) Hypercoagulable state as assessed by
ICU (T2: Reference MA on TEG with insufficient effect of
) Prospective ’ range as NP NP NP NP NP NP NP N° NP NP NP NP N’ NP N-t3 ts 0 NP NP on 1L with insufticient etlect o
Stattin et al. R 11/31  between D4 and standard doses of LMWH. Neither
observational TEG6s assessed by . . No Increased MA
(Sweden) [60] stud D7) th anti-Xa levels nor TEG can reliably
study 1131 ICU (T3: 7 days manufaecturer determine the effect of LMWH in
later) patients with COVID-19.
5/31 >1TE
P P NP P NP NP P 3 P NP NP NP 3 P N-t3 s P P
26/31 No TE N N N N N* N N* N 0 N N
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Table 8. Cont.

CRT Assay /Rapid-TEG CK Assay CKH Assay CFF Assay Definition of
First Author Association with the Hypercoagulability
(Country) Design n Ward Device Controls  TEG- R K aangle A10 MA LY30 R K aangle MA LY30 R K aangle MA 1LY30 A10 MA Conclusions of the Study Occurrence of Assessed by VET
Ty ACT (min)(min) (°) (mm) (mm) (%) (min)(min)  (°) (mm) (%) (min) (min) (9 (mm) (%) (mm) (mm) Thrombotic Events According to the
Authors
ICU (T1) Reference Despite anti-Xa levels within the target
Vlot et al. . — . .
The Prospective range as range of pharmacodynamic endpoint,
( observational 16 assessed by NP NP NP NP NP NP NP NP N-1{ NP t NP NP NP NP NP NP NP t VET still demonstrates a procoagulant NA NP
Netherlands) ICU (T2) . 2
161] study the pattern with a clot strength dominated
TEGSs manufacturer by the fibrinogen component
) Reference Hypercoagulable state as assessed by a
Patel etal.  Retrospective range as 29/39 y'pedcgiu d s be St fs'be.s e] y Increased MA and
(United  observational 39 Icu assessedby NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP 21/39t 0 NP raised VA and an absent fibrino’ysis, NA particularly in CFF
Kingdom) [62] stud the t despite at least prophylactic dose of 2550
8 Y LWMH or HNF Y
manufacturer
52 ICU NP NP NP NP NP NP NP NP NP NP NP NP N N N N 0 NP NP
14/52 >1TE
38;52 No TE Reference NP NP NP NP NP NP NP NP NP NP NP NP N*  N? N? N? 0 NP NP
Salem etal. Retrospective h 2 Tabl range as Hypercoagulable state as assessed by R <43 min, K<0.8
(United Arab observational 16/52 ypercoa.;,u aPle TEGes assessed by te TEG not associated with the occurrence No min, MA > 69 mm, «
. R ) rofile o
Emirates) [63] study the N s ONets T of TE angle > 77
non manufacturer NP NP NP NP NP NP NP NP NP NP NP NP N° N° - 0 NP NP
36/52  hypercoagulable N
profile
Shahetal,  Multicenter 187:(;?)6 " IcU I:f:':“:: NP NP NP NP NP NP NP NP NP NP NP NP N NP N-t t 0 NP ! Hypercoagulable state as assesses by «angle and MA > the
. retrospective 8 VET, but with no discrimination upper limit of the
(United observational 81/187 21TE TEGGs assessed by between patients who will undergo TE No reference range,
Kingdom) [64] the NP NP NP NP NP NP NP NP NP NP NP NP N NP N-t? te 0 NP te P . e 5
study 106/187 No TE and patients who won't extremely low LY30
manufacturer
Reference N N N t NP i 0 N N i i N N N t N-t NP NP i
Fan et al range as Hypercoagulable state assessed by VET
. | Case report 1 Mw TEGés assessed by with an excessive fibrinogen NA Increased MA
(Singapore) [65] N N i t NP t N t N N N 0 t N N t NP NP t
the component to clot strength
manufacturer

1p<0.001 compared with healthy subjects, no difference between value at admission and at discharge (p > 0.05); 2 p<0.001 compared with healthy subjects, higher MA at discharge (p < 0.05); 3 No difference
between the two groups (p > 0.05); * p = 0.001 compared with patients with D-dimers levels < 2000); ° No difference with baseline value (p > 0.05). Abbreviations: ICU: Intensive care unit; IMW: Internal
medicine ward; UFH: Unfractionated heparin; LMWH: Low molecular weight heparin; ECMO: Extracorporeal membrane oxygenation; RRT: Renal replacement therapy; TE: Thrombotic events; DVT: Deep vein
thrombosis; PE: Pulmonary embolism; TEG: Thromboelastography; N: Result within the reference range; 1: Result above the reference range; |: Result below the reference range; N-1: Result at the upper limit of
the reference range; N-|: Result at the lower limit of the reference range; NP: Not provided; NS: Not specified; NA: Not assessed.
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In summary, three points are worthy of attention. First, the hypercoagulable pattern
defined as just above was observed in both ICU and non-ICU COVID-19 patients [65].
Second, it was observed despite UFH or LMWH anticoagulation at prophylactic doses
or higher, and an anti-Xa activity within the target range without heparin neutralization
(TEG, CK assay) [49]; and third it persisted over time [53,59-61]. However, the association
between the observed pattern and the occurrence of thrombotic events remains a matter of
debate. One study including 21 patients reported that an increase in MA provides 100%
sensitivity and 100% negative predictive value to discriminate between patients with high
or low rate of thrombotic events (44), but only a few patients were reported. Another
study (44 patients) reported that no evidence of clot lysis at 30 min (LY30) associated with
high D-dimers levels (>2600 pg/L) could predict thromboembolic events (p = 0.008) and
need for hemodialysis in critically ill patients (p = 0.004) with COVID-19 [51]. However,
seven other studies [53,55,58-60,63,64] comprising 243 patients did not find an association
between the VET parameters and the occurrence of thrombotic events.

3.5.3. Quantra

The Quantra device was used in two studies [66,67], both prospective, one of them
comparing data from ICU non-COVID-19 patients with ICU COVID-19 patients [66]. The
two studies included 44 ARDS intubated and mechanically ventilated ICU patients, of
whom 33 were COVID-19 positive. All patients received anticoagulation according to
local protocols or guidelines [74]. Tests were performed using the QPlus Cartridge, which
contains heparinase in the CTH channel and polybrene in the CS and FCS channels to
neutralize heparin. Results are summarized in Table 9.

Both studies suggested a hypercoagulable pattern associated with preserved thrombin
generation, assessed by prothrombin fragments 1 + 2 and thrombin—antithrombin complex
levels [66] and despite UFH or LMWH anticoagulation at a minimum of prophylactic
dosing. However, the VET hypercoagulable pattern tended to normalize [67] after a
50% increase in thromboprophylaxis dosing and based on the body weight. However,
the association between the documented hypercoagulable pattern and thrombotic event
occurrence was not studied.

3.5.4. ClotPro

ClotPro was used in a retrospective study in Austria [24] and in three cases in Hun-
gary [68] of ICU patients who received anticoagulation at prophylactic doses or greater.
VET assays were performed using four reagents and channels (Table A7), namely EX-test,
IN-test, Fib-test, and tPA-test. Results are summarized in Table 10.

Results from the tPA-test showed a hypercoagulable pattern (increased maximum
clot firmness) associated with impaired fibrinolysis; the latter was assessed either by a
decreased lysis capacity of the clot in presence of tPA as compared with manufacturer’s
reference values, followed few days later by a normalization with still marked elevated
D-dimers levels [68], or by an increased clot lysis time as compared with healthy controls
with a p-value < 0.01 [24]. However, these findings do not appear to be associated with the
occurrence of thrombotic events [24].
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Table 9. Main findings of studies reporting Quantra results using the QPlus cartridge.

Definition of

e Association
. Heparinase  Clot Clot Fibrinogen Platelet with the Hypercoagu-
First Clottin Clottin, Time Stiffness Contribu- Contribu- Occurrence lablhfiy
Author Design n Ward Controls . 5 tting . tion to Clot tion to clot Conclusions of the Stud Assessed b,
C 8 Time (CT, s) Time Ratio (CS, i i y of y
(Country) (CTH,s) (CT/CTH)  hPA) Stiffness  Stiffness Thrombotic VET
(FCS, hPA) (PCS, hPA) Events According to
the Authors
ICU non-
. : 11/28 COVID-19 Reference N N N N T T Significant increase in procoagulants
P t
hgllgf;rfctzeilv rosc}ggg tve ARDS range as leading to a pronounced imbalance between
[66] control ICU assessed by procoagulants and anticoagulants, and a NA NP
study 17/28 COVID-19 the N N N 11 12 11 subsequent uncontrolled thrombin
ARDS manufacturer generation. No fibrinolysis shutdown
16 (TO:
. . Reference
Ranucci Prospectlve baseline) ICU me- range as ! ! ! Procoagulant profile with a trend to
etal. Otii)erf;,la_ 9/16 (T1: chan'lcally assessed by N3 NP NP normalization after an increased NA NP
aly, 14 days ventilate the 4 4 4 rombopro axis
(Italy) [67] study % tilated N 1 N thromboprophylaxi
later) manufacturer

1 p < 0.05 as compared with ICU non-COVID-19 patients; % p < 0.001 as compared with ICU non-COVID-19 patients; 3 No difference from baseline value with >0.05; 4 p < 0.05 as compared with baseline value.
Abbreviations: ICU: Intensive care unit (adults); ARDS: Acute respiratory distress syndrome; N: Result within the reference range; 1: Result above the reference range; NP: Not provided; NA: Not assessed.



J. Clin. Med. 2021, 10, 1740 39 of 56

Table 10. Main findings of studies reporting ClotPro results.

First EX-Test IN-Test FIB-Test tPA-Test Association with Definition of
Author . . H labili
(COUN- Design " Ward  Controls — CT ~ CFT A( MCF ML CT CFT AW MCF ML CT AW MCE CT MCF .. LT Conclusions the Occurrence o VEL

TRY) (s) (s)  (mm) (mm) (%) (s) (s) (mm) (mm) (%) (s) (mm) (mm) (s) (mm) ° (s) Events Outcomes According to the Authors

Hypercoagulable
pattern assessed by
increased clot
1 1 1 1 1 1 1 T amplitude and MCF
20 ICU N NP ¢ ) N N NPt T NNt T Nt N 1 Lo assays. No [ncrea?edlMCF. De\f/iél_}tior\
. ; Reference difference in TE notrelying on
Bachler Retrotbpdectlve range es- outcomes between =difficulties in reaching
etal study - tablished patients with No the anti-Xa target range
(Austria) Icu in impaired fibrinolysis despite high doses of
[24] 6/20 with LT healthy N2 NP N N N N NP N N N N T T N N N N (assessed by a LMWH or elevated
<3%s adults prolonged clot lysis D-dimer levels >
ICU i 4 time in tPA assay) 2000 pg/L
14/20 with LT N 13 13 13 N 13 13 1 N 43 13 N 43 13 3 and patients with
>393s normal clot lysis time
1 ICU N N N N N N N N N N N T T N T N NP
Zatroch ———————— Reference

atal 1 ICU range a; T N T T N N + T T N T T T N T N NP Procoagulation, P?Coaguﬂbg;‘w:

Hun- Case report assesse: In lati d A ecreased CT.

ory) " by the normal fibrinolysis shutdown " Hypercoagulability:

[68] 1 ICU miﬁl;frac' T N + t NP 4 N 1 1 N + 1 1 N T ization NP Increased MCF

few
days later

1 p <0.01 as compared with healthy subjects; 2 No difference as compared with ICU patients with LT < 393 s (p > 0.05); 3 p < 0.01 as compared with ICU patients with LT < 393 s; 4 p < 0.05 as compared with ICU
patients with LT < 393 s. Abbreviations: ICU: Intensive care unit (adults); RRT: Renal replacement therapy; tPA: tissue plasminogen activator; N: Result within the reference range; 1: Result above the reference
range; |: Result below the reference range; NP: Not provided; NA: Not assessed.
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4. Discussion

Although all of the studies share the common viscoelastometric testing concept in
evaluating COVID 19 patients” hemostasis, the differences in the testing systems and
reagents, resultant data and implications, and variability of the patients’ severity of illness
make interpretation difficult. The association with thrombotic events is not very well
established, and might largely depend on the actual VET used. We will more specifically
discuss whether VETs provide clinically relevant information about fibrinogen in a COVID-
19 patient, and we will discuss its use regarding potential anticoagulation with heparins.

4.1. Methodological Issues in VET Studies

There are numerous methodological differences among the 44 studies using VETs to
assess the hemostasis in COVID-19 patients we have retrieved and analyzed, explaining
why results were not consistent through studies, or sometimes even conflicting. This was
already raised by previously published reviews [70,71].

First, the design was heterogeneous among studies with 19 prospective studies [28—
32,39-46,52,59-61,66,67], 19 retrospective ones [24,27,33-36,47-49,51,53-58,62-64], and 6
case reports [26,37,38,50,65,68] with no randomized controlled trial (VET versus no VET).
Studies also differed on the timing of the sampling for VET assay (ranging from admis-
sion [27,29-31,36-38,44-46,50,53,56,66] to a median of 18 (13-29) days after admission [47]),
the number of studied patients (ranging from 5 excepted case-reports [40,54] to 64 [58]), the
anticoagulation regimen, and the diagnosis of thrombotic events (solely based upon clinical
signs, based upon a systematic screening by imaging or based upon clinical signs and con-
firmed by imaging). There is variability how the authors defined hypercoagulable patterns
in VETs based on the parameters used and the reference values considered. Some studies
used reference range from local healthy subjects [24,28,31-33,39-41,46,47,50,52,53,55,56],
while most of the reference values were manufacturer determined and could not be fully
adapted to the local population and settings [1,3].

Second, there was also heterogeneity among the patients’ characteristics concerning
age, severity of the disease, gender distribution, and comorbidities. In addition to the lack
of power to evidence a statistically significant association between the VET patterns and
thrombotic events, this heterogeneity could explain the differences between the studies’
results, at least in part.

One important consideration is different monitoring devices were used. Even though
they share the same objective of viscoelastic clot properties evaluation, they present sub-
stantial differences from technological and methodological viewpoints. First, they rely on
different technologies to monitor clot formation, clot strength, and clot lysis (i.e., thromboe-
lastometry, thromboelastography, and sonorheometry). Second, there are some differences
in the way the tests are carried out and the sample and reagents are delivered to perform
the assay, specifically the activators. While in the most recent versions of the instruments
(TEG6s, ROTEM sigma, Quantra, ClotPro) the reagents are already included in reaction
cartridges or in tips and require only the addition of the blood sample, the previous
versions (ROTEM gamma and delta, TEG5000) required manual or semi-automated pipet-
ting of reagents and samples, resulting in very high inter- and intra-operator coefficients
of variation for some parameters [77,78]. Third, the composition of the reagents differs
from one manufacturer to another, especially for the assay aiming to assess the fibrino-
gen component of clot strength, also called functional fibrinogen. Briefly, clot strength is
mainly due to the interaction between fibrin network (containing activated factor XIII),
platelets [7], neutrophil extracellular traps [79], and red blood cells [80,81]. Platelets are an
important contributor to the clot strength, and the MA (TEG), MCF (ROTEM and ClotPro),
and CS (Quantra) parameters reflect both platelet count and function [9,82], as well as
fibrin contribution. To assess functional fibrinogen, platelet contribution must be inhibited,
and two different approaches are used that include abciximab (Gpllb-IIla inhibitor, TEG
and Quantra), cytochalasin D (cytoskeleton inhibitor, ROTEM), or a combination of both
(ClotPro). Some studies [83-85] compared the fibrinogen contribution to clot mechanical
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strength measured with VET using either a Gpllb-Illa inhibitor or cytochalasin D and
showed that the latter was more efficient: functional fibrinogen assessment with TEG or
Quantra could lead to an overestimation of fibrinogen levels as compared with ROTEM.
However, cytochalasin D alone may not completely remove the platelet contribution,
especially with a high platelet count, and a combination of a Gpllb-IIla inhibitor and
cytochalasin D seems to provide more accurate results [83-85].

Therefore, we can reasonably doubt that the results obtained from the different de-
vices and studies are interchangeable, as previously noted in non-COVID-19 patients [3,86].
There may even be differences in results between different versions of the same device (as
between ROTEM-delta and ROTEM-sigma for example [15,87], or between TEG5000 and
TEGS6s [17-19]), but overall the devices show good correlations for the main parameters
evaluated [14,86,88,89]. To our knowledge, there have not been previous comparisons in
COVID-19 patients. Studies on VET have always been plagued by those issues, unfortu-
nately still unresolved.

4.2. Definition of a Hypercoagulable State by VET and Association with Thrombotic Events

The conventional clotting time corresponds to the ‘reaction time’ R for TEG, and the
clotting time” CT for ROTEM, ClotPro, and Quantra. Extended fibrin polymerization is
described as the kinetics time K and o angle for TEG and CFT and o angle for ROTEM and
ClotPro. The clot strength is defined as maximal mechanical strength (maximal amplitude
MA for TEG, maximal clot firmness MCF for ROTEM and ClotPro, and clot stiffness CS for
Quantra).

Beyond a purely biological definition, for which there is no consensus or appropriate
term, sometimes ‘procoagulant” or hypercoagulable, what matters is the association with
the patient’s thrombotic risk. Outside the COVID-19 setting, two systematic reviews and
a subsequent meta-analysis involving 1285 patients with solid tumors or hematopoietic
malignancies [90] or 8944 surgical patients [91] showed that the occurrence of thrombotic
events was associated with features consistent with hypercoagulability: acceleration of
fibrin polymerization (increase in « angle in both ROTEM and TEG, shortened CFT in
ROTEM and shortened K time in TEG) and increased clot mechanical strength (increase in
MCF for ROTEM and in MA for TEG). However, another meta-analysis of 1081 patients
in a variety of clinical settings [92] showed that ROTEM and TEG had a moderate ability
to discriminate between patients who developed a thrombotic event and those who did
not, with a diagnostic odds-ratio of 3.6, a low sensitivity (56%) but a somewhat better
specificity (76%). It is noteworthy that the performance in the prediction of thrombotic
events depends both on the type of device (with a better performance for ROTEM with
a diagnostic odds-ratio of 6.3 against 3.2 for TEG), and on the type of thrombotic event
(with a sensitivity of 67%, a specificity of 72%, and a diagnostic odds-ratio of 6.4 for arterial
thrombotic events, contrasting with a sensitivity of 41%, a specificity of 70%, and an odds-
ratio diagnosis of 3.1 for venous thrombotic events). Why VET findings should be more
associated with arterial thrombotic events than with venous ones is obscure, though.

Regarding the 44 studies we examined, all authors concluded that COVID-19 pa-
tients displayed a hypercoagulable pattern characterized by an increased clot mechanical
strength (assessed by CS in Quantra, MA in TEG and MCF in ROTEM and ClotPro) basi-
cally due to an excessive fibrin(ogen) component (assessed by FCS in Quantra, CFF-MA
in TEG, FIBTEM-MCF in ROTEM and MCF from FIB-test in ClotPro), associated with a
shortening of clot initiation (decreased K in TEG and CFT in ROTEM and ClotPro) in 18
studies [26,27,31-33,38,41-46,49,50,52,53,55,58], an acceleration of fibrin polymerization
(increased « angle in TEG, ROTEM and ClotPro) in 15 studies [32,38,39,50,52-60,64,65], and
an impaired or reduced fibrinolysis in 26 studies [24,26,30,32,34,37,39,40,42-44,46,48,51—
54,57-60,62-65,68]. It is crucial to note however that an association between that pattern
and thrombotic events was evidenced by only one study [56] out of the sixteen addressing
the issue [24,31,33-35,44,49,51,53,55,56,58-60,63,64]: an increase in the maximum clot am-
plitude (MA) provides 100% sensitivity and 100% negative predictive value to discriminate
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between patients with a high or low rate of thrombotic events, but confidence intervals
were not reported [56]. This raises doubts about the clinical significance of the ‘so called’
hypercoagulability identified by VET and its potential clinical implications (e.g., thrombotic
risk stratification or adjustment of thromboprophylaxis).

4.3. Ability of VETS to Detect Hypofibrinolysis State and Association with Thrombotic Events

Fibrinolysis is monitored at a specific time x minutes after MA was reached for TEG
(LY(x) parameter), and by maximal lysis ML (reduction in clot firmness after MCF in relation
to MCEF) or lysis of the clot at a given time x minutes after CT was reached (LI(x)) parameter
for ROTEM and ClotPro. The diminution in clot maximum amplitude was thought to be
due to both fibrinolysis and potentially platelet-mediated clot retraction [4-6,93]. However,
as no change in clot mechanical strength after the maximum was reached was reported
in many studies in COVID-19 patients, platelet-mediated clot retraction does not seem to
play a significant role here.

Usually VETs are used to detect major hyperfibrinolytic states [94] that occur in the
most severe, advanced stages of hemostasis derangements in clinical settings such as
trauma and perioperative hemorrhage. However, could they be used to assess hypofib-
rinolysis? VETs have shown potential usefulness in sepsis-induced coagulopathy [10]
and trauma-induced coagulopathy [11] to detect low levels of fibrinolysis and to identify
patients for whom the administration of tranexamic acid should be avoided. Endogenous
systemic fibrinolysis is usually weak because of low or even no circulating levels of free
plasminogen activators, which are fully complexed to PAI-1 and thus inactive. Normal
lysis of a whole blood clot is therefore a slow phenomenon [95], and its visualization on a
VET trace recorded during one hour or two seems unlikely. Furthermore, as the zero value
belongs to the manufacturer’s reference range, speaking about a reduced or an absent
fibrinolysis seems awkward if there is no control group for comparison. Among the 25
studies reporting a reduced or absent fibrinolysis, only 8 [24,32,39,40,44,48,52,53] made
this assessment by comparison with a control group.

Several ROTEM and TEG modifications have been reported adding urokinase plas-
minogen activator (uPA) or tissue plasminogen activator (tPA) to demonstrate hypofib-
rinolysis. A brief literature search revealed multiple protocols for modified ROTEM and
TEG including addition of a plasminogen activator. Although they show evidence of
hypofibrinolysis in different clinical settings, they all share the same methodological issues
and limitations. First, there is a lack of standardization concerning tissue factor concen-
trations, as low levels added to the sample produce non-reproducible results and often
a weak clot [96,97]. Second, there is also a lack of standardization in tPA concentrations
studied ranging from 50 to 625 ng/mL [96-98], and similar results for modified VET with
uPA [99,100], with an ‘optimal concentration of uPA’ differing from subject to subject, and
a wide interindividual variation in lysis parameters [99].

Among the 44 studies analyzed in this review, only four investigated the effect of
adding tPA to standard VET. Two used the ClotPro device [24,68] and its ready-to-use
tPA-test reagents, which are now CE-marked, whereas the two others [39,40] used an
in-house ROTEM assay with two different tPA concentrations (named TEM-tPA), making a
comparison between them problematic. No study has investigated a defective fibrinolysis
using the Quantra device into the COVID-19 context, whereas a new dedicated reagent
cartridge is now available [23]. The four articles share the same conclusion that increased
clot maximum amplitude and decreased lysis index reflect an increase in clot strength and
a decreased fibrinolytic capacity, results that need to be confirmed with a larger cohort.
Further, the TEM-tPA assay needs to be standardized and validated [101], although it
seemed to show good intra- and inter-assay precision in healthy controls [39].

Association between impaired fibrinolysis assessed with VETs and clinical outcomes
is a matter of debate. Some studies failed to find an association [24,53,55,58,59], while
others suggested that impaired fibrinolysis was associated with a higher rate [34] and a
shorter time to the occurrence of thrombotic events [51], and together with D-dimer levels
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it could predict thrombotic events [44,51] and the need for hemodialysis in critically ill
patients with COVID-19 [51].

4.4. Correlation between Clauss Fibrinogen and Functional Fibrinogen Assessed by VETs

Outside of the COVID-19 context, the ROTEM FIBTEM is the most studied point
of care fibrinogen level assay with numerous studies in trauma, cardiac surgery, liver
transplantation, and obstetrics. The correlation between Clauss fibrinogen and FIBTEM-
MCF or fibrinogen-related TEG parameters was reported as variable with R? values ranging
from 0.44 to 0.94 for ROTEM [102] and from 0 [103] to at least 0.80 [102] for TEG. The
clinical experience with the Quantra device is limited, with only few published studies
to date, but the correlation between Clauss fibrinogen and FCS ranged from moderate
to very good, with R? values ranging from 0.55 to 0.88, with a huge variability between
studies [14,22,104,105]. To our knowledge, data concerning correlation between Clauss
fibrinogen and clot amplitude and maximum clot firmness provided by the ClotPro FIB-test
assay is not yet available.

Among the 44 studies dealing with VETs and COVID-19 patients, only a few
ones [33,41,53,58] investigated the correlation between Clauss fibrinogen and “functional
fibrinogen” assessed by VETs. For ROTEM®(FIBTEM), one report noted a good correla-
tion (Pearson’s correlation coefficient r = 0.84) [41], while another showed no correlation
(p = 0.130) in children [33]. Two studies explored TEG in this regard and reported a moder-
ate to good association (Pearson’s correlation coefficient r = 0.453 [58] and 0.74 [53]). These
limited results due to low COVID-19 patient numbers and different assays suggest more
studies are required.

Further, whether VET characteristics are unique to hyperfibrinogenemia alone is an
important question, as almost all COVID-19 patients also present with hyperfibrinogenemia.
Patients with hyperfibrinogenemia may exhibit a ‘functional fibrinogen’ (VET parameter)
in the reference range [35,37,66], while other reports of fibrinogen levels within reference
ranges exhibit increased functional fibrinogen [26,28,48].

The authors of a previously published review [69] highlighted the potential usefulness
of VET in accurately assessing plasma fibrinogen levels in COVID-19 patients receiving
direct thrombin inhibitors (DTI) through the assessment of the clot amplitude of the
functional fibrinogen assay. Indeed, evaluation of fibrinogen levels by the Clauss method
could lead to an underestimation due to the inhibition of the thrombin included in the
reagent by the DTI [106,107], ranging from 23 to 96% according to the reagent used [107].

4.5. Impact of Differences in Anticoagulation Regimens (Type (UFH, LMWH) and Dosage)

Most currently studied COVID-19 patients receive heparin (LMWH or UFH), ei-
ther with prophylactic or therapeutic regimens according to local protocol or guide-
lines [74-76,108]. Some studies specifically noted when blood samples for VETs were
drawn in heparinized patients, but the timing of administration was often missing as well
as anti-Xa levels. While for TEG, heparinase reagents were frequently used (14 studies of
15 [51-60,62-65]), this was not the case for ROTEM: only a few ones (4 of 25) generated
data with HEPTEM assay, together with INTEM assay. Among these four latter studies,
only one [26] reported different results from the two assays, whereas the three others
showed similar results with both assays [41,44,50]. This raises questions that include (i)
the effect of heparin, particularly at low doses, on VET results, (ii) whether heparinase or
polybrene added to heparinized blood completely neutralized circulating heparin, and (iii)
whether VETs can be used to guide heparin therapy. These questions were not raised by
the previously published reviews [69-72].

The effect of heparin (UFH and LMWH) on VETs (performed without heparin neu-
tralization) seems, according to the literature, to depend mainly on the heparin dose and
the VETs used. Two trends have emerged for prophylactic or therapeutic concentrations
(anti-Xa up to 1.5 IU/mL). First, with TEG, anti-Xa levels and R and K parameters (clot
initiation) seemed to correlate, while an inverse correlation between anti-Xa levels and «
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angle and MA is observed (fibrin polymerization), sometimes leading to a ‘flat line” with
the highest anti-Xa levels [109-112]. Second, fewer data are available for ROTEM, but there
seems to be a correlation only between anti-Xa levels and CT parameter from the INTEM
assay (clot initiation) [112-114].

In the setting of cardiac surgery with cardiopulmonary bypass, VETs have been in-
creasingly used, and manufacturers have adapted testing to neutralize circulating heparin
by the addition of heparinase or polybrene in order to differentiate between insufficient
heparin neutralization in patients with protamine from underlying post-bypass coagulopa-
thy. Few data are available, however, on whether this neutralization is complete. In an
in vitro study performed with TEG and coated cups with heparinase [109], results were
similar between native samples and samples spiked with heparin (UFH or LMWH) or
danaparoid, but tested concentrations were too low (0.005 to 0.05 IU/mL) to be clinically
relevant. Another in vitro study performed with ROTEM and heparinase [113] showed
similar results between native samples and samples spiked with increasing heparin (HNF)
concentrations ranging from 0.1 to 1 IU/mL.

Among the 44 COVID studies we retrieved, several mentioned a considerably high
incidence of thrombotic events despite thromboprophylaxis, in line with most reports,
and raising the potential interest of increasing anticoagulant doses. Could VETs then be
useful to identify patients who will benefit from a higher dose of thrombosis anticoagulant
prophylaxis? This remains a matter of debate. According to the authors, VETs seem able to
detect coagulation abnormalities advocating for a hypercoagulable prothrombotic state
in a broad sense, including procoagulable state (with a decreased clot formation time),
hypercoagulable state (with an increased clot strength), and impaired fibrinolysis (with a
reduced or absent clot lysis) early in the course of the disease, and even if conventional
coagulation tests remain in the reference ranges. Second, as reduced or absent fibrinolysis
was associated with an increased risk of thrombotic events outcome despite anticoagula-
tion [34,42-44,51,54,57,63,64], we could assume that VET results might be used to adapt
level of anticoagulation. Five studies [26,47,59,61,67] have reported VET parameters from
ICU COVID-19 patients before and after an intensification of thromboprophylaxis, but
results were inconsistent. Two of them showed a decrease in clot mechanical strength and
in functional fibrinogen level [47,67], and even in the rate of thrombotic events [47], and
the three others [26,59,61] did not find any significant difference. However, if VETs still
demonstrate a hypercoagulable pattern despite anticoagulation at least with a prophy-
lactic dose and even an anti-Xa level within the target range [60,61], it was not always
associated with thrombotic outcomes, although there was no systematic VTE screening
either [28,35,58,63]. Third, three studies have shown an exaggerated thrombin generation
despite anticoagulation, at least with a prophylactic dose [39,48,66], advocating for a new
way to monitor efficiency of thromboprophylaxis.

Rather than VETs, the study of thrombin generation could be more interesting to
adjust anticoagulant therapy as heparin inhibits thrombin generation by multiple path-
ways as reviewed elsewhere [115]. Several methods exist to study thrombin generation,
either with biomarkers such as prothrombin fragment 1 + 2 or thrombin-antithrombin
complexes [116] (thrombin generation in vivo), or in vitro by assessment of the levels of
thrombin over time (through the use of a chromogenic or fluorogenic substrate) in response
to initiation of coagulation. Regarding the latter, several commercial devices and assays are
available [117,118]. Of note, thrombin generation assays (TGAs) are highly sensitive to pre-
analytical aspects [119]. So far, some in vitro studies have reported that there was a heparin
concentration dependent decrease in thrombin generation [120,121]. Studies showed that
COVID-19 patients had a higher endogenous thrombin potential [31,39,48,66,122-127] than
manufacturer’s reference range, healthy controls or patients with sepsis, sometimes despite
UFH or LMWH anticoagulation at a minimum of prophylactic dosing. Few studies found
a heparin dose-dependent decrease in thrombin generation [125,127] as described in vitro.
Interestingly, one study showed that a persisting thrombin burst despite anticoagulation
correlated with non-survival [123], whereas another found no difference between noncriti-
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cal and critically ill COVID-19 patients [124]. Further studies are needed to evaluate the
clinical value in this context of the in vitro study of thrombin generation, and particularly
with the new automated ST Genesia device [118], as already mentioned elsewhere [128].
A potential issue could be the non-availability of such device and the high turn-around-time
for a result There is also an unmet need regarding the exploration of fibrin polymerization
and lysis [95] with good and convenient assays.

4.6. Summary of the Conclusions of the Previously Published Reviews

Conclusions of the previously published reviews are summarized in Table 11. Overall,
the four reviews reported the same findings as we do: COVID-19 patients displayed
an abnormal VET pattern [69-72], but further studies are needed for various reasons.
Moreover, we challenge the idea that such a pattern represents hypercoagulability; one
main reason is that inhibitory systems are not at all taken into account, in sharp contrast
with TGAs.

Of note, except the systematic review about the potential usefulness of TEG [71], no
consistent association between the abnormal VET pattern and clinical outcome could have
been demonstrated. Interestingly, one review [69] pointed out the potential usefulness of
VETs in accurately assessing plasma fibrinogen levels in COVID-19 patients receiving DTI
(see Section 4.4).
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Table 11. Conclusions of the previously published reviews.

First Author (VET Devices)

Type of the Review

Aim of the Review

Number and Type of Studies Included

Conclusions of the Authors

Gorlinger et al. [69]
(ROTEM, TEG and Quantra)

Narrative review

Review of coagulation
abnormalities and
inflammatory response
associated with COVID-19,
as well as highlight of
what we still do not know
about COVID-19
associated coagulopathy

8 studies (5 prospective, 3 retrospective)

VETs can detect the presence of hypercoagulability in
critically ill COVID-19 patients, but further studies
are needed to define the role of viscoelastometric
testing in the management of patients
VETs can be used to assess fibrinogen levels of
COVID-19 patients receiving direct thrombin
inhibitors (such as argatroban and bivalirudin)
through functional fibrinogen measurement

Tsantes et al. [70]
(ROTEM, TEG and Quantra)

Narrative review

Evaluation of the
usefulness of VETs in
clinical practice to guide
anticoagulant treatments
or predict prognosis

13 studies (8 prospective, 5 retrospective)

VETs can detect the presence of hypercoagulability in
critically ill COVID-19 patients, but further studies
are needed to establish reference ranges for each
viscoelastic test, to define the common cut-off values
of hypo- and hypercoagulability or threshold values
to predict prognosis, or to guide anticoagulant,
antiplatelet or fibrinolytic therapy

Hartmann et al. [71]
(TEG)

Systematic review

Evaluation of the
usefulness of TEG in
clinical practice to identify
and manage
hypercoagulation
associated with COVID-19

15 studies (5 prospective, 9 retrospective and
one case report)

TEG can detect a hypercoagulable state in patients
with COVID-19, and provides differential diagnostic
insights alongside the ability to risk-stratify patients

at elevated risk for complications such as VTE or
kidney failure

Further studies are needed to elucidate the optimal

use of TEG to maximize patient benefit

Stomka et al. [72]
(ROTEM and TEG)

Systematic review

Evaluation of the
performance of TEG and
TEM in the assessment of

blood coagulation and
fibrinolysis in patients
with COVID-19

10 studies (2 prospective, 8 retrospective)

VETs can detect a hypercoagulable state and
fibrinolysis shutdown in COVID-19 patients, and
might be used to identify patients with high
prothrombotic risk for whom an antithrombotic
therapy would be benefic
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5. Conclusions

VETs are now well established in acute settings to assist in bleeding management and
transfusion practices, with convenient, fully automated devices and ready-to-use reagents.
Since the beginning of the pandemic, they were used to characterize hemostasis abnormali-
ties in critically ill COVID-19 patients. As already reported in previous reviews [69-72],
almost all the studies we analyzed reported increased clot strength, considered to be a
hallmark of the "hypercoagulable state’, often associated with impaired fibrinolysis (with
the analytical limitations we have emphasized)—globally referred to as ‘prothrombotic
pattern’, but there was no consistent association with clinical outcomes. Indeed, few studies
suggested an association with the occurrence of thrombotic events, as well as with the need
for hemodialysis [34,44,51,56]. However, lack of power (low number of studied patients),
retrospective design, and no standardized study protocol are of concern.

In the COVID-19 setting, the appraisal of (high) fibrinogen levels through VET as
opposed to the Clauss method in the laboratory is not an obvious asset. As already pointed
out however [69], VET could be of interest for accurately assessing plasma fibrinogen levels
in COVID-19 patients receiving DTI through the assessment of the clot amplitude in func-
tional fibrinogen assay. Modified VETs (with addition of a plasminogen activator) to detect,
quantify, and monitor hypofibrinolysis in whole blood (with the advantage for instance to
integrate the PAI-1 released by platelets) could be of clinical relevance [24,39,40,68].

Three different types of studies would be needed. First, prospective ones comparing
the results from the different available devices are needed. Second, as it was already
highlighted by previously published reviews [69-72], further prospective studies are
needed, ideally randomized, to highlight the added-value of VET in predicting the clinical
course of the disease, addressing patients to the appropriate ward according to their risk
stratification, and identifying which patients would benefit from intensified anticoagulant
treatment and those who would show clot resistance to fibrinolysis. Third, prospective
randomized controlled trials are needed to evaluate the usefulness of VET and TGA in
monitoring and adapting thromboprophylaxis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jem10081740/s1, Data S1: Search strategy, Data S2: PRISMA summary table, Data S3: Quality
assessment of the retrieved studies.

Author Contributions: Conceptualization, T.L. and FM.; methodology, M.B.; data curation, M.B.;
writing—original draft preparation, M.B.; writing—review and editing, T.L., EM.; review and editing,
MH, ].D, SR, DL, JHL,AS,S.S., CEFE,; English editing: ].H.L.; supervision, T.L. and EM. 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: Data can be provided by contacting the authors.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/jcm10081740/s1
https://www.mdpi.com/article/10.3390/jcm10081740/s1

J. Clin. Med. 2021, 10, 1740 48 of 56

Appendix A. ROTEM®Reagents and Parameters

Table A1l. ROTEM®reagents.

Assay Reagent Description Heparin Neutralization
INTEM Ellagic acid Intrinsic pathway screening test No
HEPTEM Ellagic acid + Heparinase Intrinsic pathway Screening test with Yes !

heparinase
EXTEM Tissue factor + Polybrene Rapid overview of the coagulation Yes 2
process
. . Exploration of the fibrinolysis by 5
APTEM Tissue factor + Aprotinin + Polybrene comparison with the EXTEM results Yes
Functional detection of the fibrinogen
FIBTEM Tissue factor + Cytochalasin D + Polybrene level after platelet inhibition by Yes 2
cytochalasin D
1 Up to 7 IU/mL according to the manufacturer; 2 Up to 5 [U/mL according to the manufacturer.
Table A2. ROTEM®parameters.
Parameter Description
CT (s) Clotting time: time interval from the start of the run until a 2 mm clot forms
CFT (s) Clot formation time: time interval from CT until a clot amplitude of 20 mm is reached
o angle (°) Rate of clot formation
A(x) (mm) Amplitude of the oscillation due to clotting x minutes after CT
MCF (mm) Maximum clot firmness: maximum clot amplitude
LI(x) (%) Clot lysis index: ratio between MCF and amplitude of the clot x minutes after CT
ML (%) Maximum lysis: maximum fibrinolysis detected during the observation period, expressed as a percentage of MCF

Appendix B. TEG®Reagents and Parameters (Haemonetics Corporation,
Boston, MA, USA)

Table A3. TEG®reagents.

Heparin

Assay Reagents for TEG5000 Reagents for TEG6s Description Neutralization

Yes (if heparinase cups
were used for

Tissue factor + Kaolin +

RapidTEG (CRT) Heparinase if heparinase Tissue factor + Kaolin Rapid overview of the

coagulation process

cups are used TEG5000), otherwise no
Kaolin TEG (CK) Kaolin Kaolin Intrmsm.pathway No
screening test
Kaolin TEG with Kaolin + Heparinase . . Intrinsic pathway
. . Kaolin + Heparinase screening test with Yes
heparinase (CKH) (heparinase cup) h .
eparinase
. o Functional detection of . .
TEG Functional Tissue ffalctor N Abc1x1.m ab+ Tissue factor + the fibrinogen level Yes (if heparinase cups
o Heparinase if heparinase - AR were used for
Fibrinogen (CFF) Abciximab after platelet inhibition .
cups are used b .. TEG5000), otherwise no
y abciximab
Table A4. TEG®parameters.
Parameter Description
R (min) Reaction time: time to initial fibrin formation
K (min) Kinetics time: time to clot formation
o angle (°) Rate of clot formation
MA (mm) Maximum amplitude: absolute clot strength

LY30 (%) Fibrinolytic activity 30 min after maximum amplitude was reached
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Appendix C. Quantra®Reagents and Parameters (HemoSonics, LLC, Charlottesville,

VA, USA)

Table A5. Quantra®QPlus cartridge and parameters.

Parameter Reagents Description Heparin Neutralization Manufacturer’s
Reference Range
. Clotting time after
CT (s) Kaolin (channel 1) addition of kaolin No 113-164 s
Kaolin + Heparinase Clotting time with
CTH (s) P heparinase after addition Yes 103-153 s
(channel 2) .
of kaolin
None, calculated as the
CT/CTH ratio of CT (channel 1) Clot time ratio NA! <1.4
over CTH (channel 2)
Thromboplastin + .
CS (hPA) Polybrene (channel 3) Clot stiffness Yes 13-33.2 hPa
homboplesin - TErOznconeuton
FCS (hPA) Abciximab + Polybrene A Yes 1-3.7 hPa
(channel 4) after platelet inhibition
with abciximab
None, calculated as the
difference between CS Platelet contribution to
PCS (hPA) (channel 3) and FCS clot stiffness Yes 11.9-29.8 hPa
(channel 4)
1 NA: not applicable.
Table A6. Quantra®(QStat cartridge and parameters.
.. . ... Manufacturer’s
Parameter Reagents Description Heparin Neutralization
Reference Range
. Clotting time after
CT (s) Kaolin addition of kaolin No 113-164 s
CS (hPA) Thromboplastin + Polybrene Clot stiffness Yes 13-33.2 hPa
None, calculated as the
normalized difference
between the clot stiffness
change after maximum clot
CSL (%) stiffness in the absence of Clot stability to lysis Yes 93-100%
tranexamic acid and the
corresponding clot stiffness
change in the presence of
tranexamic acid
Fibrinogen contribution
Thromboplastin + to overall clot stiffness
FCS (hPA) Abciximab + Polybrene after platelet inhibition Yes 1-3.7 hPa
with abciximab
None, calculated as the L
PCS (hPA) difference between CS and Platelet contribution to Yes 11.9-29.8 hPa

FCS

clot stiffness
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Appendix D. ClotPro®Reagents and Parameters (enicor GmbH, Munich, Germany)

Table A7. ClotPro®reagents.

Assay Reagent Description Heparin Neutralization
IN-test Ellagic acid Intrinsic patilev;ay screening No
HI-test Ellagic acid + Heparinase Intrinsic Eathway Screening Yes
test with heparinase
EX-test Recombinant tissue factor + Rapid overview of the Yes
Polybrene coagulation process
Tissue factor + Aprotinin + Exploration Of the f1k.)r1noly51s
AP-test Polvbrene by comparison with the Yes
y EX-test results
Recombinant tissue factor + Exploration Of the fﬂ?rmolys1s
tPA-test . by comparison with the Yes
Recombinant tPA + Polybrene
EX-test results
. . Functional detection of the
Recombinant tissue factor + fibrinogen level after dual
FIB-test Cytolochalasin D + Abciximab gen feve Yes
+ Polybrene platelet inhibition by
cytochalasin D and abciximab
Reagent derived from Russell Detection of factor Xa
RVV-test viper venom inhibitors (LMWH, DOAC) No
ECA-test Ecarin + Polybrene Detection of d1re.ct thrombin Yes
antagonists
Non-activated test for the
NA-test None exploration of non-activated No

coagulation in citrated blood

Abbreviations: LMWH: Low molecular weight heparin; UFH: unfractionated heparin; DOAC: Direct oral anticoagulant.

Table A8. ClotPro®parameters.

Parameter

Description

A(x) (mm)
MCF (mm)
ML (%)

Clotting time: time interval from the start of the run until a 2 mm amplitude of oscillations due to clotting was
reached
Clot formation time: time interval from CT until a clot amplitude of 20 mm is reached
Amplitude of the oscillation due to clotting x minutes after CT
Maximum clot firmness: maximum clot amplitude
Maximum lysis: maximum fibrinolysis detected during the observation period, expressed as a percentage of MCF

CT (s)
CFT (s)
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