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Afﬁc{e history: Background: A high number of thrombotic complications have been reported in critically ill patients with
Received 1 September 2020 coronavirus disease 2019 (COVID-19) and appear to be related to a hypercoagulable state. Evidence
Received in revised form regarding detection, management, and monitoring of COVID-19—associated coagulopathy is still missing.
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Accepted 22 November 2020 We propose to describe the thrombus viscoelastic properties to investigate the mechanisms of hyper-

coagulability in patients with COVID-19.
Methods: Thromboelastography (TEG) was performed in 24 consecutive patients admitted to a single

Iég%gf; intensive care unit for COVID-19 pneumonia, and 10 had a second TEG before being discharged alive from
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Hypercoagulability Results: Compared with a group of 20 healthy participants, patients with COVID-19 had significantly

Coagulopathy decreased values of reaction time, coagulation time, and lysis index and increased values of o angle,

Thrombosis maximum amplitude, clot strength, and coagulation index. Velocity curves were consistent with
increased generation of thrombin. These values persisted in surviving patients despite their good clinical
course.

Discussion: In patients with COVID-19, TEG demonstrates a complex and prolonged hypercoagulable
state including fast initiation of coagulation and clot reinforcement, low fibrinolysis, high potential of
thrombin generation, and high fibrinogen and platelet contribution. The antithrombotic strategy in
patients with COVID-19 during intensive care hospitalisation and after discharge should be investigated
in further studies.
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1. Introduction

After China, the whole world is now facing the coronavirus
disease 2019 (COVID-19) pandemic. This unprecedented outbreak
has caused a global health crisis and is straining health systems,
especially the intensive care units (ICUs), because around 15% of the
hospitalised patients require critical care.!

A high number of both venous thromboembolism and arterial
thrombotic complications have been reported in critically ill pa-
tients with COVID-19.2 Some authors found an incidence up to 69%
of venous thromboembolic events in patients with COVID-19 hos-
pitalised in ICUs; the incidence was still elevated to 56% even
among patients who were given therapeutic anticoagulation.® In
another series of 100 patients with COVID-19 and severe clinical
features, a 23% incidence of acute pulmonary embolism has been
reported.”

These complications appear to be related to a hypercoagulable
state, but its mechanism remains unclear. COVID-19 is associated
with coagulopathy that correlates with disease severity.> Abnormal
coagulation parameters, especially elevated levels of D-dimer and
fibrin degradation products, have been associated with poor
prognosis.® For its part, anticoagulant therapy may reduce mor-
tality in selected patients.” Prophylactic doses of low-molecular-
weight heparin (LMWH) have been recommended for all patients
requiring hospital admission for COVID-19.2 However, evidence
regarding detection, management, and monitoring of COVID-
19—associated coagulopathy is still missing.

We propose to describe the thrombus viscoelastic properties to
investigate the mechanisms of hypercoagulability in patients hos-
pitalised in the ICU for COVID-19 pneumonia.

2. Patients and methods
2.1. Patients

This is a monocentric retrospective study conducted in an ICU in
a nonuniversity public hospital. All and consecutive patients
admitted to the ICU for confirmed COVID-19 pneumonia between
March 18 and April 10, 2020, were included. Patients who were
given oral anticoagulant therapy at the time of admission were
excluded. Owing to the high incidence of thromboembolic events
reported during the COVID-19 outbreak, we decided, as a standard
of care, to assess haemostasis by thromboelastography (TEG) in all
the patients admitted to the ICU. On admission, one additional
whole blood sample was collected into a 3-mL tube containing
0.3 mL of 3.2% (109 mM) buffered sodium citrate at the same time
as the other admission blood tests.

2.2. Standard coagulation tests

Haemostasis tests included the measure of the activated partial
thromboplastin time (aPTT; STA-PTT A, Diagnostica Stago, Asnieres-
sur-Seine, France), prothrombin time (PT; STA-NeoPTimal 10,
Diagnostica Stago, Asnieres-sur-Seine, France), fibrinogen (func-
tional clotting assay according to Clauss; STA-Liquid Fib, Diag-
nostica  Stago, Asnieres-sur-Seine, France), antithrombin
(colorimetric assay; STA-Stachrom AT III, Diagnostica Stago,
Asnieres-sur-Seine, France), and D-dimer (immunoturbidimetric
assay; STA-Liatest D-DI PLUS, Diagnostica Stago, Asnieres-sur-
Seine, France). All tests were performed on the automated coa-
gulometer (STA-R Evolution, Diagnostica Stago, Asnieres-sur-Seine,
France).

2.3. Thromboelastography

TEG was performed using a TEG® 5000 analyser (Haemonetics
Corporation, Braintree, MA, USA). Within 30 min after the patient's
citrated whole blood sample had been collected, blood coagulation
was accelerated by the addition of one millilitre of blood into the
manufacturer-supplied activating solution containing kaolin,
phospholipids, and buffered stabilisers. From this vial, 340 puL was
drawn and recalcified with 20 pL of calcium chloride (200 mM)
within a specific plastic cup for TEG use. Each sample was run
simultaneously with and without added heparinase to neutralise
the presence of LMWH or unfractionated heparin (UFH) and
determine the baseline coagulation profile. According to the man-
ufacturer's recommendations, the selected result was the one
achieved with heparinase if there was any evidence of interference
with heparin.

The TEG signal is recorded with a pin suspended by a torsion
wire, which is dipped into an oscillating cup containing the blood
sample. Once the blood clot starts to develop, the cup's movements
are gradually transmitted to the pin and the torsion wire. The TEG
trace is the pin oscillation amplitude (mm) plotted as a function of
time (min). It represents the clot strength evolution over time.

Recording and analysis were carried out using TEG analysis
software, version 4.2 (TAS™; Haemonetics Corporation, Braintree,
MA, USA). Some featured parameters are used to describe the TEG
trace and are detailed in Fig. 1A. The split point (minutes) is the
elapsed time until the earliest resistance detected by the TEG
analyser. The reaction time (R, minutes) is the elapsed time to reach
a 2-mm amplitude on the TEG trace. The delta parameter (A, mi-
nutes) is the difference between the R and split point. The coagu-
lation time (K, minutes) is the time interval from the R until the
trace reaches a 20-mm amplitude. The o angle (o, degrees) is the
slope of the line joining R and K. The maximum amplitude (MA,
mm) refers to the maximum amplitude of the TEG trace. The clot
strength (G, dyn/cm?) is a calculated value derived from the MA
parameter (G = (5000MA/(100-MA)). The lysis index (LY30, per-
centage) is the amplitude reduction percentage 30 min after the
MA. Finally, the coagulation index (CI) describes the patient's
overall coagulation and is calculated using the following formula:
Cl = —0.6516R — 0.3772K + 0.1224 MA + 0.0759a —7.7922.

TEG analysis also enables the study of thrombus generation
velocity. The velocity curve (V-curve) is plotted from the first de-
rivative of the standard TEG trace; it represents the change in clot
strength per unit of time (Fig. 1B). The parameters studied on the V-
curve are the maximum rate of thrombus generation (MRTG; mm/
min), the time to maximum rate of thrombus generation (TMRTG;
minutes), and the total thrombus generation (TTG; mm/min).

The TEG parameters measured were compared with the refer-
ence values established in our laboratory on healthy participants
tested in the context of TEG laboratory accreditation (ISO 15189). A
state of hypercoagulability can be characterised by decreased
values of R, K, LY30, or TMRTG or increased values of a, MA, G, CI,
MRTG, or TTG (Fig. 1C).

2.4. Data collection

From the medical record, we collected demographic data (age
and sex), body mass index (BMI; kg/m?), and the results of other
standard laboratory tests performed on admission to the ICU:
platelet count, PT, aPTT, fibrinogen, D-dimer, antithrombin, and C-
reactive protein.

For each patient, the disseminated intravascular coagulation
(DIC) score was calculated from the International Society on
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Fig. 1. (A) Main parameters on the TEG trace: R (reaction time), K (coagulation time), o.
angle, MA (maximum amplitude), and LY30 (lysis index). (B) The velocity curve (V-
curve) is the first derivative of the standard TEG trace. Featured parameters are MRTG
(maximum rate of thrombus generation) and TMRTG (time to maximum rate of
thrombus generation), and the area under the curve gives the TTG (total thrombus
generation). (C) Hypercoagulability is characterised by decreased values of R, K, LY30,
and TMRTG and increased values of o, MA, MRTG, and TTG. TEG, thromboelastography;
R, reaction time; K, coagulation time; MA, maximum amplitude.

Thrombosis and Haemostasis diagnostic criteria for DIC, with the
D-dimer cut-off values proposed by Taylor et al’° and Dempfle
et al.'” The simplified acute physiology score Il was calculated using
the worst value for each physiological variable within the first 24 h
after ICU admission.

All patients underwent computed tomography (CT) pulmonary
angiography at admission for standardised assessment of COVID-19
severity as per the recommendations of the French Thoracic Im-
aging Society and pulmonary embolism detection. We researched
the occurrence of acute respiratory distress syndrome that required
prone positioning. Based on the clinical course, the occurrence of
thromboembolic events was investigated during ICU hospital-
isation. In symptomatic patients, computed tomography pulmo-
nary angiography was repeated to detect pulmonary embolism, and
brain magnetic resonance imaging was performed for ischaemic
stroke diagnosis. Vital status at ICU discharge was also collected.

2.5. Antithrombotic prophylaxis and follow-up

During hospitalisation in the ICU, patients were given antith-
rombotic prophylaxis using LMWH or UFH as per a stratified risk
strategy recommended by the French Haemostasis and Thrombosis
Study Group and the Perioperative Haemostasis Interest Group.'' It

consisted of reinforced antithrombotic prophylaxis, for instance,
40 mg of enoxaparin twice daily, in patients receiving high-flow
oxygen therapy or mechanical ventilation, and curative anti-
coagulation, for instance, 1 mg/kg of enoxaparin twice daily, in
patients with risk factors for thromboembolic complications.
Treatment was monitored via anti-Xa activity for LMWH or UFH
(STA-Liquid anti-Xa, Diagnostica Stago, Asnieres-sur-Seine, France).
At the clinician's discretion, a second TEG analysis was carried out
just before release in some patients who were discharged alive
from the ICU.

2.6. Statistical analysis

Data were collected using Excel™, version 16.29.1 (Microsoft,
Washington, USA), and statistical analysis was realised using R
Software, version 3.5.2 (R Foundation for Statistical Computing,
Institute for Statistics and Mathematics, Vienna, Austria, http://
www.r-project.org). Continuous and categorical variables are pre-
sented as median with lower and upper quartiles and number with
percentage of the total, respectively. Groups were compared using
the Mann—Whitney U test, and repeated measurements were
compared using the Wilcoxon test for paired samples. The associ-
ation between TEG parameters and standard coagulation tests was
assessed using Pearson's correlation coefficient.

2.7. Ethical considerations

The patients or their trusted persons have been informed of the
study. This anonymous analysis has been declared to the French
National Commission on Informatics and Liberty (CNIL) under the
number 2217653v0 and was performed as per its requirements
(reference methodology, MR-004). The study was approved by the
ethics committee of the French Society of Anaesthesia and Inten-
sive Care Medicine (IRB 00010254 - 2020 - 068).

3. Results
3.1. Patients

A total of 26 patients have been screened, and two were
excluded owing to oral anticoagulant medication at the time of
admission. Finally, 24 patients, 16 men and eight women, were
included in the study. The median age was 69 y (61—71), and the
median BMI was 28.5 kg/m? (25.7—31.0). Nine patients (37%) had a
BMI higher than 30. The CT scan found mild lesions (<25%) in four
patients (17%), extensive lesions (25—50%) in six patients (25%),
severe lesions (50—75%) in nine patients (37%), and critical lesions
(>75%) in 5 patients (21%). The median simplified acute physiology
score Il was 45 (33—53). Regarding evolution, 13 patients (54%)
developed severe acute respiratory distress syndrome (ARDS),
requiring prone positioning. A pulmonary embolism occurred in
five patients (21%), and an ischaemic stroke occurred in two pa-
tients (8%), one of whom had both. Finally, six patients (25%), died
during their hospitalisation in intensive care.

3.2. Control group

The control group consisted of 20 healthy participants, nine men
and 11 women. Their median age was 38 y (31—44).

3.3. Laboratory tests
Among patients with COVID-19, the median platelet count was

220 x 10°/L (173—294) (reference range = 161—398), and the
fibrinogen level was increased to 6.8 g/L (6.2—7.9) and was always
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higher than 5.0 g/L (reference range = 2.0—4.0). PT was 14.7 s
(141-15.6) (reference range <17.6), and aPTT was 385 s
(34.9—40.9) (reference range <40). The D-dimer level was greatly
increased to 3.60 pg/mL (1.96—6.49) and higher than 1 ug/mL in 21
patients (87.5%) (reference range <0.50). The median antithrombin
level was 91% (78—96) (reference range = 80—120). The median DIC
score was 3 (2—3), and none of the patients scored higher than 4.
All patients had a biological inflammatory syndrome with a median
C-reactive protein level of 128 mg/L (101—249) (reference range
<5).

3.4. TEG parameter values on admission

Fig. 2 shows the TEG parameter values of patients with COVID-
19 (blue box plot) compared with the reference values established
in our laboratory on a control group (red box plot). The grey area
indicates the normal value range defined by the manufacturer. The
ClI was significantly higher for patients with COVID-19 than for
those in the control group (p < 0.001). In patients with COVID-19,
hypercoagulability was characterised by significantly decreased
values of R, A, K, LY30, and TMRTG and significantly increased
values of a, MA, G, MRTG, and TTG. The detailed results are reported
in Table 1 (supplementary material).

TEG parameters were not different between patients with
obesity (BMI >30 kg/m?) and patients without obesity and were
also not different depending on the severity of CT lesions
(supplementary material, Tables 2 and 3). Signs of hypercoagula-
bility (decreased values of R, A, K, LY30, and TMRTG and increased
values of o, MA, G, MRTG, and TTG) were more severe among the
patients who developed thrombotic complications, but without
significant difference among those who did not (supplementary
material, Table 4). There was no difference in TEG parameters be-
tween patients who died and those who survived (supplementary
material, Table 5).

According to the manufacturer, TEG can classify hypercoagula-
bility into three types: enzymatic hypercoagulability (CI > 3,
R < 5 min, MA < 70 mm), platelet hypercoagulability (CI > 3,
R > 5 min, MA > 70 mm), and mixed hypercoagulability (CI > 3,R <

MA (mm)
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Fig. 3. Eleven patients had hypercoagulability defined by CI >3, that could be classified
into enzymatic hypercoagulability (R < 5 min, MA <70 mm, yellow area), platelet
hypercoagulability (R > 5 min, MA >70 mm, blue area), and mixed hypercoagulability
(R < 5 min, MA >70 mm, green area). Cl, coagulation index; R, reaction time; MA,
maximum amplitude. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

5 min, MA > 70 mm). Among patients with COVID-19, 11 (46%) had
hypercoagulability defined by CI >3. Fig. 3 presents the R and MA
values of these 11 patients; four (36%) could be classified into
platelet hypercoagulability, and seven could be classified (64%) into
mixed hypercoagulability.

3.5. Correlations between TEG parameters and standard
coagulation tests

Pearson's correlation coefficients between the TEG parameters
and the standard coagulation tests in the 24 patients with COVID-
19 are reported in Fig. 4. MA, G, MRTG, and TTG were highly
correlated with platelet count, and TTG was highly correlated with
the fibrinogen level.

R (min) K (min) a (degrees) MA (mm) G (dyn/cm?)
10,0 35 90 90 * 30 *
. 85 T
9,0 7 3,0 85 * s I 25
*
8,0 . 25 % 7 o0 75 20
75 70
7 2
,0 . 0 - 70 : 65 — 15
6,0 1 1,5 = 55 i 60 I
| 10
5,0 : 1,0 60 - 55 _
I 50 5
4,0 P 0,5 55 45
3,0 0,0 50 40 0
Cl LY30 (%) TMRTG (min) MRTG (mm/min) TTG (mm/min)
7 10 14 * *
6 * 9 13 =0 1000
5 8 12 2
4 7 1 . %0 T
3 5 10 ¥ b 20 800
2 [ |
1 l q - 9 . 15 . 700 )
0 41— 8 i
R - 3 7 ? 10 * 600
-2 2 : i e - 5 500
{ :
3 ' 1 5
-4 0 == - 4 0 400

Fig. 2. Patients’ TEG values (blue box plot) compared with the reference values established in our laboratory on a control group (red box plot). The grey area indicates the normal
value range defined by the manufacturer. An asterisk indicates a statistically significant difference between the two groups. R, reaction time; K, coagulation time; MA, maximum
amplitude; CI, coagulation index; TMRTG, time to maximum rate of thrombus generation; MRTG, maximum rate of thrombus generation; TTG, total thrombus generation; TEG,
thromboelastography. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Correlation matrix between TEG parameters and standard coagulation tests in
24 patients with COVID-19. Positive correlations are indicated in a blue cell, and
negative correlations are indicated in a red cell. Correlation coefficients on a white field
are not statistically significant. PT, prothrombin time; aPTT, activated partial throm-
boplastin time; MA, maximum amplitude; TMRTG, time to maximum rate of thrombus
generation; TTG, total thrombus generation; MRTG, maximum rate of thrombus gen-
eration; Cl, coagulation index; TEG, thromboelastography; COVID-19, coronavirus
disease 2019.

3.6. TEG analyses at discharge

A total of 10 patients had a second TEG analysis before being
discharged alive from the ICU. Their median length of stay in the
ICU was 18 d (12—24). Fig. 5 illustrates the evolution of the TEG
parameters for each patient.

Among these 10 patients, the median (IQR) CI was 2.3 (1.1-3.2)
at admission and 2.4 (1.9—3.2) at discharge (p = 0.769). The median
R value increased from 5.4 min (4.8—6.8) to 6.7 min (6.4—7.6)
(p = 0.193). K values did not change significantly, from 1.3 min
(1.2—1.5) to 1.2 min (1.1-1.2) (p = 0.361). The o angle increased
from 71° (70-73) to 75° (73—75) (p = 0.106). MA and G values
increased significantly from 72 mm (69—76) and 13.1 dyn/cm?
(111-16.1) to 77 mm (74—80) (p = 0.006) and 17.0 dyn/cm?
(14.2—19.4) (p = 0.013), respectively. The lysis rate remained un-
changed at 0.1%.

Concerning the V-curve parameters, TMRTG increased from
6.5 min (5.9—8.2) to 8.0 min (7.5—9.1) at discharge (p = 0.202). TTG
increased from 878 mm/min (834—923) to 933 mm/min (895—963)
(p = 0.009). MRTG increased from 16.0 mm/min (13.5—18.1) to
20.6 mm/min (18.2—21.3) (p = 0.019).

4. Discussion

The main finding of our study is the complex hypercoagulable
state in critical patients with COVID-19 pneumonia, which persists
even in case of favourable clinical evolution.

Many authors have already reported severe disturbances of
haemostasis and their association with poor prognosis in patients
with COVID-19.° The most frequently described disorder is the
increased D-dimer level, which we also found in our series.'” It has
been reported that elevation higher than 1 pg/L was a risk factor for
fatal outcomes: this is not relevant in our experience because
nearly 90% of patients had a D-dimer level higher than this
threshold.'® Our findings are not consistent with the hypothesis of
DIC that has been widely proposed.'* The D-dimer level was clearly
increased, but we also observed that the platelet count was main-
tained, the fibrinogen level was greatly increased, and PT, aPTT, and
antithrombin were only slightly altered. Although it has been rec-
ommended to check for the occurrence of DIC, none of our patients
reached a DIC score of 5, and the highest scores were only due to
isolated increase in the D-dimer level.® COVID-19—related coagul-
opathy seems to be mainly a severe hypercoagulable state."” This
may explain why the rate of venous and arterial thrombotic com-
plications we observed was so high, but consistent with the other
data in the literature.*

Our study highlights the relevance of TEG for exploring hyper-
coagulable profiles. Routine clotting assay provides limited infor-
mation regarding the overall haemostatic competency of a patient.
Standard tests do not include the participation of platelets in the
coagulation process, and the end point of clotting assays is the
formation of fibrin, that occurs whereas less than 5% of the total
thrombin has been generated.'® TEG provides a comprehensive
view of coagulation and hypercoagulability mechanisms.!” Enzy-
matic contribution to clot formation is assessed using the R value; it
has also been reported that a A value lower than 0.6, as we found in
our study, might reveal an enzymatic hypercoagulability.'® K values
and the o angle explore the rate of clot strengthening and are
representative of thrombin cleaving of the available fibrinogen into
fibrin.'® Contribution of fibrinogen and platelet to clot strength is
assessed by MA and G parameters.'? Finally, TEG is also a simple
method for fibrinolysis assay.?’

Our findings suggest that COVID-19 coagulopathy is a hyper-
coagulable state related to all of these parameters, even if fibrin-
ogen and platelet participation appears to be paramount. These
results are consistent with recent research on the viscoelastic
characteristics of the clot in patients with COVID-19, based on TEG
or rotational thromboelastometry, which describe a similar pro-
thrombotic state with supranormal clot firmness.”"*? The hypofi-
brinolytic state has also been reported.”> However, our study is to
our knowledge the first including velocity curves. These curves
allow evaluating the profile of thrombus generation in whole
blood under in vivo conditions. It was previously demonstrated
that TTG was significantly correlated with the generation of
thrombin assessed by the thrombin—antithrombin complex.’* We
observed greatly increased values of TTG and MRTG, as well as a
decreased TMRTG, which reveal high potential for thrombin
generation.

Other hypotheses must also be considered to explain the COVID-
19 hypercoagulable state. All of our patients had a marked in-
flammatory syndrome, which may contribute to an increased risk
of thrombosis.> Increase in interleukin 6 levels has been demon-
strated in patients with COVID-19, which stimulates tissue factor
expression, fibrinogen synthesis, and platelet production.”%%’
Endothelial dysfunction should also be discussed as in other sep-
tic states.

Our results raise the issue of the antithrombotic strategy in
patients with COVID-19. As an easy, real-time, and widely available
point-of-care technique, TEG may help to identify at-risk patients
and to provide tailored antithrombotic prophylaxis.?® Because of a
lack of statistical significance, we did not find any association be-
tween the TEG values and the occurrence of thromboembolic
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Fig. 5. Evolution of the individual TEG values between ICU admission and before being discharged alive. R, reaction time; K, coagulation time; MA, maximum amplitude; TMRTG,
time to maximum rate of thrombus generation; TTG, total thrombus generation; MRTG, maximum rate of thrombus generation; CI, coagulation index; TEG, thromboelastography;

ICU, intensive care unit.

events. However, in other studies, elevated MA values® or fibri-
nolysis shutdown?® was associated with a high rate of thrombotic
events. Concerning high platelet involvement, some authors re-
ported the addition of antiplatelet drugs when the platelet count
was higher than 400 x 10°/L.?° Hyperfibrinogenemia, for its part,
could lead to heparin resistance.>® Some authors advocate for
prolonged systemic anticoagulation using UFH.'> While one author
reported a return to normal of the viscoelastic parameters in
COVID-19—survived patients, we are concerned about the persis-
tence of a hypercoagulable state in surviving patients despite their
good clinical course.”® Given this finding, the question of the
continuation and duration of antithrombotic prophylaxis after ICU
discharge should be evaluated.

Our study has several limitations. The number of complications
may have been underestimated because they were not specifically
investigated for the study but only when the patient's condition
required it. The clinical relevance of the hypercoagulability we
observed remains unknown because we could not link it to the
occurrence of thrombotic events. Finally, we do not know if hy-
percoagulability is related to disease severity. Further studies
would be useful to compare TEG values in critical and noncritical
patients with COVID-19.

5. Conclusion

In patients with COVID-19, TEG demonstrates a hypercoagulable
state from multiple causes including high potential of thrombin
generation and high fibrinogen and platelet contribution. Hyper-
coagulability observed with TEG parameters persists despite a good
clinical course. The specific contribution of this hypercoagulability
to the pathophysiology of COVID-19 remains uncertain, but the
antithrombotic strategy in patients with COVID-19 during intensive
care hospitalisation and after discharge should be investigated in
further studies.
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