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Objective: To explore special coagulation characteristics and anticoagulation management in extracorporeal membrane oxygenation (ECMO)—
assisted patients with coronavirus disease 2019 (COVID-19).

Design: Single-center, retrospective observation of a series of patients.

Participants: Laboratory-confirmed severe COVID-19 patients who received venovenous ECMO support from January 20—May 20, 2020.
Interventions: This study analyzed the anticoagulation management and monitoring strategies, bleeding complications, and thrombotic events
during ECMO support.

Measurements and Main Results: Eight of 667 confirmed COVID-19 patients received venovenous ECMO and had an elevated D-dimer level
before and during ECMO support. An ECMO circuit pack (oxygenator and tubing) was replaced a total of 13 times in all 8 patients, and coagula-
tion-related complications included oxygenator thrombosis (7/8), tracheal hemorrhage (5/8), oronasal hemorrhage (3/8), thoracic hemorrhage (3/
8), bleeding at puncture sites (4/8), and cannulation site hemorrhage (2/8).

Conclusions: Hypercoagulability and secondary hyperfibrinolysis during ECMO support in COVID-19 patients are common and possibly
increase the propensity for thrombotic events and failure of the oxygenator. Currently, there is not enough evidence to support a more aggressive
anticoagulation strategy.
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SEVERE ACUTE respiratory syndrome coronavirus 2
(SARS-CoV-2) has spread rapidly in China and across the
world, causing a global pandemic as a result of its strong trans-
missibility and virulence.'"” A majority of coronavirus disease
2019 (COVID-19) patients have mild symptoms and recover
completely; however, approximately 5% to 14% become
severely or critically ill, with acute respiratory distress syn-
drome (ARDS) requiring intensive care unit (ICU) admission.”
Rates of invasive mechanical ventilation among patients
admitted to the ICU have ranged from 29% to 91%, and
the mortality rate was about 80% among patients on
mechanical ventilation.”” Extracorporeal membrane oxy-
genation (ECMO) could offer life-saving rescue therapy
when mechanical ventilation fails to maintain adequate
oxygenation in COVID-19 patients. ECMO has been used
successfully to manage severe respiratory failure in patients
with HINI1 influenza A, H7N9 avian influenza, and Middle
East respiratory syndrome.’”

However, there are not many reports describing ECMO sup-
port for COVID-19 patients, and little is still known about the
coagulation characteristics of these patients while on ECMO
support. Inflamed lung connective tissue and pulmonary endo-
thelial cells may result in microthrombi formation and contrib-
ute to the high incidence of thrombotic complications in
severe COVID-19.'"'" ECMO also could aggravate the activa-
tion of the coagulation cascade and consumption of clotting
factors, causing additional coagulation abnormalities. The
present study aimed to summarize the coagulation characteris-
tics, anticoagulation management, and complications of
COVID-19 patients who received ECMO support in Shanghai,
China.

Methods

Patients and Data Collection

All adult patients diagnosed with COVID-19 were admitted
to Shanghai Public Health Clinical Center, a designated hospi-
tal for COVID-19 treatment in Shanghai, and patients were
treated by multidisciplinary teams including ECMO experts
from different hospitals.'” The diagnosis of SARS-CoV-2
pneumonia was confirmed by both chest computed tomog-
raphy (CT) scan and reverse transcription-polymerase chain
reaction assays, according to the World Health Organ-
ization’s interim guidelines and the new coronavirus pneu-
monia prevention and control program (7th edition)
published by the National Health Commission of
China.'”"” The diagnosis of ARDS was defined with the
Berlin definition (3 categories of ARDS were proposed
based on the partial pressure of oxygen/fraction of inspired

oxygen [PaO,/FiO,] ratio).'* Patients were admitted to the
ICU if the PaO,/FiO, was <100 mmHg with high-flow
nasal cannula (FiO, 100%, 30 L/min).

The present study was a retrospective examination of 8
COVID-19 patients who received venovenous ECMO. The
demographics, comorbidities, laboratory results, ECMO-
related data, and coagulation parameters from the medical
records were collected. If there was more than 1 laboratory
test in the same day, the most aberrant values were used. All
the medical data of the present study were retrieved from the
Shanghai Public Health Clinical Center and used with permis-
sion.

ECMO Indications, Timing, and Contraindication

Standard COVID-19 treatment includes protective lung ven-
tilation strategy, optimal positive end-expiratory pressure,
sedation, lung recruitment, prone positioning, neuromuscular
blockade, and volume optimalization.15 In cases in which a
patient showed no substantial improvement, ECMO was initi-
ated according to the protocol at the authors’ institution
(Fig 1). The decision to provide ECMO support should be indi-
vidualized and based on the risk and benefit assessment for the
patient, but there were some absolute contraindications.
According to the exclusion criteria used in the ECMO to Res-
cue Lung Injury in Severe ARDS trial and Extracorporeal Life
Support Organization guidelines for COVID-19,'®'” absolute
contraindications for venovenous ECMO in the authors’ center
included prolonged high ventilatory pressures (ie, end-inspira-
tory plateau pressures >30 cmH,O for longer than 7 days); an
expected difficulty in obtaining vascular access; severe coagul-
opathy; and any condition or organ dysfunction that would
limit the likelihood of overall benefit from ECMO (dissemi-
nated malignancy, severe multiple organ failure, and uncon-
trolled bleeding).

Establishment of ECMO

Venovenous ECMO was adopted as the chosen mode to
improve oxygen supply and carbon dioxide elimination, using
the Rotaflow system (Getinge, Rastatt, Germany) equipped
with a Quadrox oxygenator (Getinge). The ultrasound-guided
Seldinger technique was used for cannulation of the femoral
vein as the drainage site and the internal jugular vein as the
perfusion site. The tip of the internal jugular vein cannula (out-
flow cannula) was positioned at the junction between the right
atrium and superior vena cava. The tip of the femoral vein can-
nula (inflow cannula) was advanced into the right atrium
approximately 1 cm beyond the inferior vena cava/right atrium
junction, and caution was taken to prevent the cannula tip from
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Fig 1. Flowchart of extracorporeal membrane oxygenation initiation protocol in coronavirus disease 2019 patients. ARDS, acute respiratory distress syndrome;
ECMO, extracorporeal membrane oxygenation; FiO,; fraction of inspired oxygen; PaO,, partial pressure of oxygen; PCO,, partial pressure of carbon dioxide;

PEEP, positive-end expiratory pressure.

*Optimal mechanical ventilation: fraction of inspired oxygen <50%, tidal volume <6 mL/kg, plateau pressure <30 cmH,0, and respiratory rate 10 times/min
tAdjunctive therapies: neuromuscular blockade, high positive-end expiratory pressure strategy, inhaled pulmonary vasodilators, recruitment maneuvers, high-

frequency oscillatory ventilation.

contacting the interatrial septum, using echocardiographic
guidance. The blood flow (50-70 mL/kg) and oxygen flow
were set according to the pulse oxygen saturation and
blood gas results to maintain a PaO, of 60-to-80 mmHg
and partial pressure of carbon dioxide level of 35-to-45
mmHg. Point-of-care ultrasonography for the lungs, heart,
abdomen, vasculature, and chest x-ray was performed on a
daily basis. A protective lung ventilation strategy was
adopted after ECMO initiation (FiO, <40%, tidal volume
2-4 mL/kg, plateau pressure <25 cmH,O, and respiratory
rate 8-10 times/min). Ventilator parameters and electrical
impedance tomography were monitored closely. When nec-
essary, continuous renal replacement therapy was per-
formed using the port on the ECMO oxygenator.

Anticoagulation and Monitoring Strategies

Unfractionated heparin (UFH) was used in all patients, with
a bolus at the dose of 50 U/kg 10 minutes before cannulation.
If the activated clotting time (ACT) was <180 seconds, a con-
tinuous intravenous infusion of UFH was increased at a rate of

2-t0-20 U/kg/h, with a target ACT level of 180-to-200 seconds
and an activated partial thromboplastin time (aPTT) of 50-to-
80 seconds (or 1.5 times of the baseline value). Point-of-care
monitoring was conducted for ACT (every 2-4 hours), and the
aPTT, thrombin time, prothrombin time, fibrinogen, D-dimer,
fibrinogen degradation products (FDP), and platelet count
were monitored from the central laboratory every 24 hours.
After March 2, antithrombin (AT) activity monitoring was
added, and thromboelastography was used whenever necessary
to assess the coagulopathy status. When the heparin dose
exceeded 20 U/kg/h, the possibility of heparin resistance was
considered. Because of the lack of commercial AT agents in
China, fresh frozen plasma was supplemented at a dose of
200-to-400 mL/d according to volume status when the AT
activity was <70%. Platelets were infused when the platelet
count was <80 x 10%/L. If there was a significant decrease in
platelet counts after continuous heparin infusion, heparin-
induced thrombocytopenia (HIT) was suspected. After confir-
mation by a 4T score and anti-PF4/heparin antibody test, arga-
troban was used at a dose of 0.2-t0-0.7 Jg/kg/min, and the
target of ACT and aPTT was the same as that of heparin.
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When there was significant thrombosis within the oxy-
genator, accompanied by D-dimer >10 pg/mL, fibrinogen
<1.5 g/L, and a sustained decrease in the platelet count,
the entire ECMO circuit pack (oxygenator and tubing) was
replaced despite satisfactory gas exchange function. In the
context of bleeding, secondary hyperfibrinolysis, and fibrin-
ogen consumption, tranexamic acid (10-20 mg/kg via slow
injection, followed by a dose of 1,000 mg/d at the rate of
1-2 mg/kg/h for 2-3 days) and fibrinogen (at 1-2 g/d until
fibrinogen >1.5 g/L) were infused. If there was significant
bleeding or the need for invasive procedures, heparin was
reduced or suspended for a short period until the ACT
decreased below 150 seconds, and blood products were
transfused if necessary.

ECMO Weaning Procedures and Standards

As described in the authors’ previous study, weaning of
ECMO was started when improvements were observed on
chest x-ray/CT, arterial blood gas, respiratory mechanics, and
other indicators.'® The sweep-to-flow ratio was maintained at
1:1, and the ECMO flow was reduced to 2.5 L/min gradually
while the same mechanical ventilation parameters were contin-
ued. With the ECMO flow maintained at 2.5 L/min, the ECMO
sweep was reduced until gradually there was complete cessa-
tion of the sweep. In order to take patients off ECMO, the fol-
lowing criteria were maintained for 24-to-48 hours at ECMO
flow rates of 2.5 L/min without sweep: (1) stable hemodynam-
ics; (2) significant improvements in ventilation and gas
exchange functions, as evident by chest x-ray, CT, electrical
impedance tomography, and pulmonary ultrasound; (3) PaO,/
FiO, >150 mmHg, partial pressure of carbon dioxide <50
mmHg, respiratory rate <20; (4) body temperature <38°C; (5)
Murray index <3; and (6) haematocrit >35%.

Statistics Analysis

SPSS Version 16.0 (SPSS Inc, Chicago, IL) was used for
statistical analysis. Data were summarized as frequency for
categorical variables and as medians and interquartile ranges
for continuous variables. The general linear model repeated
measures was used for correlation analysis among factors and
the effects of individual factors.

Results

From confirmation of the first case in Shanghai on January
20 until May 20, a total of 667 COVID-19 patients were con-
firmed in Shanghai. Twenty-two critically ill patients (22/667)
with ARDS were admitted to the ICU, and 8 (8/22) of them
received venovenous ECMO support because of refractory
hypoxemic respiratory failure using traditional therapies. All
patients had a history of epidemiologic exposure, tested posi-
tive by reverse transcription-polymerase chain reaction detec-
tion of SARS-CoV-2 in respiratory secretions, and showed
varying degrees of ground-glass opacity in both lungs (Fig 2).

Table 1 summarizes the outcomes of 8 ECMO-supported
patients included in this analysis. Patient 7 received ECMO
initially on January 30 for 8 days and was weaned off support.
His condition deteriorated on February 12, and ECMO had to
be restarted. He died of pneumothorax and severe bleeding
complications 10 days after the reintroduction of ECMO sup-
port. Three other patients died of persistent worsening lung
consolidation, which was difficult to reverse, and experienced
secondary lung infections, with multiple drug-resistant bacte-
ria. Patients 1, 3, and 5 were weaned off ECMO successfully
upon meeting the weaning criteria after 40 days, 47 days, and
22 days, respectively, and they were discharged by May 20.
Patient 8 was weaned off ECMO successfully and still is
receiving rehabilitation treatment. Of the 8 patients, 6

Fig 2. Chest x-ray or computed tomography of 8 patients before extracorporeal membrane oxygenation. Patient 3 did not have a chest x-ray before extracorporeal

membrane oxygenation.



Z. Guo et al. / Journal of Cardiothoracic and Vascular Anesthesia 35 (2021) 389—397 393

Table 1
Baseline and Clinic Characteristics of 8 COVID-19 Patients on ECMO (up to May 20, 2020)

Patient 1 2 3 4 5 6 7 8
Date of admission 2 Feb 28 Jan 30 Jan 1 Feb 1 Feb 22 Jan 29 Jan 5 Mar
Sex Male Male Male Male Male Female Male Male
Age (y) 64 81 62 75 65 63 25 75
Weight/BMI (kg) 76/24.5 72/23.8 75/24.3 67/22.4 62/20.8 65/24.2 125/40.8 67/22.4
Comorbidities

Hypertension Yes Yes Yes Yes

Diabetes Yes Yes

Cardiovascular disease Yes

Malignancy BC

Cerebrovascular disease CI

COPD Yes

Chronic kidney disease MN
Murry index 4 4 4 4 4 4 4 4
RT-PCR Positive Positive Positive Positive Positive Positive Positive Positive
WBC count (x 10°/L) 8.03 8.40 9.92 9.56 5.26 11.31 4.06 15.64
Neutrophil count (x 10%/L) 6.91 7.56 8.82 9.03 4.96 9.82 3.21 14.58
Lymphocyte (x 10°/L) 0.64 0.62 0.61 0.29 0.18 0.74 0.65 0.63
Plt (x10°/L) 337 148 159 144 151 161 162 203
ALT (U/L) 19 70 64 20 16 63 57 84
AST (U/L) 18 61 53 30 33 44 121 54
Creatinine (jumol/L) 81.40 139.70 70.80 162.31 184.69 61.85 140.00 95.07
Troponin I (pg/mL) 0.022 0.067 0.033 0.257 0.080 0.072 0.038 0.087
NT-proBNP (pg/mL) 58 1251 675 227 1313 6312 34 62.63
Procalcitonin (ng/mL) 2.09 0.55 0.14 0.3 16.39 3.56 0.07 0.68
C-reactive protein (mg/L) 83.09 57.69 63.57 88.65 155.28 92.05 39.95 111.32
CD4 (cell/ul) 386 68 63 53.5 373 132 143 92
CD8 (cell/uL) 125 31 63 83 166 55 143 17
IL-6 (pg/mL) 61.37 481.00 70.63 182.50 199.28 53.95 230.16 387.82
Time of mechanical ventilation before ECMO 4 10 12h 13 4 21 5h" 11h

13"

P/F before ECMO 67 66 64 75 76 70 54 78
Lactate (mmol/L) 2.4 2.8 3.1 4.0 1.3 2.4 3.1 3.2
Time of ECMO (d) 40 47 47 37 22 33 8/10 16
State by now Discharged Died Discharged Died Discharged Died Died Weaned'

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BC, bladder cancer; CI, cerebral infarction; COPD,
chronic obstructive pulmonary disease; ECMO, extracorporeal membrane oxygenation; FiO,, fraction of inspired oxygen; IL-6, interleukin 6; MN, membranous
nephropathy; NT-proBNP, N-terminal-pro hormone B-type natriuretic peptide; PaO,, partial pressure of oxygen; P/F, partial pressure of oxygen/fraction of
inspired oxygen ratio; Plt, platelet; RT-PCR, reverse transcription-polymerase chain reaction.

* Patient 7 received extracorporeal membrane oxygenation twice, on January 30 and February 12.

 Patient 8 weaned from extracorporeal membrane oxygenation and ventilated.

developed acute kidney injury and required continuous renal
replacement therapy.

The ages of patients ranged from 25-to-81 years, and the
body mass index ranged from 20.8 to 24.5. Before the initia-
tion of ECMO, mechanical ventilation duration was between
5 hours to 21 days, and the PaO,/FiO, ratio was <80 (54-76)
for all patients. The authors’ previous report'® and Table 1 pro-
vide detailed clinical data of demographics, laboratory results,
ventilator parameters, and ECMO-related data for each patient.
All patients were sedated and provided with analgesics (Rich-
mond Agitation-Sedation Scale <—3) during ECMO.

As indicated by the coagulation parameters in Table 2, most
patients had elevated D-dimer (7/8), FDP (5/8), and fibrinogen
(3/8) levels but with normal aPTT, prothrombin time, and
thrombin time before ECMO support. Despite standard antico-
agulation prophylaxis, both D-dimer and FDP still were main-
tained at high levels, with an average D-dimer level of 15.43

wg/mL and FDP level of 41.84 wg/mL. In these 8 patients, the
average heparin infusion rate was 10.21 U/kg/h; average ACT
and aPTT were maintained at 197 seconds and 61.48 seconds,
respectively; the average platelet count was 116.94 x 10°/L;
and the lactate level was 2.32 mmol/L. The clinical observa-
tions showed a relationship among D-dimer, FDP level, and
oxygenator thrombotic events or the need to replace the
ECMO circuit, but statistical correlations were not observed
with general linear models.

Figure 3 presents the thrombosis and bleeding events in the
8 patients during ECMO support (which lasted between 18
and 47 days) and coagulation-related complications, including
oxygenator thrombosis (7), tracheal hemorrhage (5), oronasal
hemorrhage (3), thoracic hemorrhage (3), bleeding at puncture
sites (4), cannulation site hemorrhage (2), deep vein thrombo-
sis (1), and HIT." The ECMO circuit pack was replaced a total
of 13 times in all 8 patients.
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Table 2

Hematologic Laboratory Parameters of 8 COVID-19 Patients on ECMO (up to May 20, 2020)

Patient 1 2 3 4 5 6 7 8 Mean
Baseline before ECMO
Dose of UFH (U/kg/H) \ \ \ \ \ \ \ \ \
ACT (s) \ \ \ \ \ \ \ \ \
aPTT (31.5-43.5s) 47.6 46.2 33.6 39.3 41.7 45.8 453 359 \
PT (11-13.7 s) 15.7 15.1 135 14.7 15.2 16.0 13.9 13.0 \
TT (14-21 ) 21.2 24.0 17.5 16.8 15.7 16.4 17.9 19.0 \
FIB (2-4 g/L) 4.17 3.17 532 4.54 4.82 6.51 42 6.95 \
FDP (0-5 pg/mL) 17.19 22.05 4.8 24.6 242 47.35 0.95 3.11 \
D-dimer (0-0.5 pg/mL)  5.29 6.24 0.80 4.80 4.20 10.52 0.39 1.09 \
AT (80-120%) \ \ \ \ \ \ \ \ \
Plt (x 10°/L) 324 141 166 138 142 123 157 152 \
During ECMO support (min-max)
Dose of UFH (U/kg/H) 2.1-31.2 2.1-15.0 8.2-9.2 1.3-25.0 0-11.7 0-25.0 12.6-15.2 24-223 10.21 £7.28
ACT (s) 182-230 189-225 165-216 169-202 170-408 175-221 174-229 166-238 197 £ 42
aPTT (31.5-43.5s) 42.3-148.6 31.3-113.8  33.6-1174  40.6-128.0 42.6-139.4  39.8-154.6 39.2-127.3  41.1-113.2 6148 £23.6
PT (11-13.7 s) 13.8-19.1 14.8-19.4 13.9-20.9 13.9-15.5 13.4-19.6 13.2-14.5 15.2-27.7 14.8-24.3 16.24 +£3.17
TT (14-21s) 13.4-68.5 13.1-58.9 15.1-159.4  13.9-201.1  16-172.1 13.1-200.0 10-206.1 15.6-176.3  57.68 £ 18.4
FIB (2-4 g/L) 0.90-5.84 1.97-4.68 0.92-7.28 1.58-4.43 4.17-7.41 1.24-4.38 1.46-4.46 1.23-4.75 345£1.98
FDP (0-5 g/mL) 5.96-116.01  7.33-90.44  3.11-Hjjp  2.92-28.58  3.63-47.04  4.961-Hjjpmic  3.95-Hjjmie  3.63-79.8 41.84 £21.4
D-dimer (0-0.5 pug/mL)  2.70-Hjpi 2.90-Hjipie  1.30-Hyj;  1.47-8.19 2.52-1593  1.75-Hjmi 1.37-Hjjmie  2.12-17.42 1543 £ 4.12
AT (80%-120%) 42-66 46-62 58-72 74-89 64-81 72-88 \ 61-81 67 £ 14
Plt (x 10°/L) 110-267 40-112 88-189 68-116 58-197 81-199 46-181 76-169 116 +23

Abbreviations: ACT, activated coagulation time; aPTT, activated partial thromboplastin time; AT, antithrombin lll; ECMO, extracorporeal membrane oxygenation;
FDP, fibrin degradation product; FIB, fibrinogen; Hj;;, >150 pug/mL in FDP and >20 pug/mL in D-dimer; Plt, platelet; PT, prothrombin time; TT, thrombin time;

UFH, unfractionated heparin.

Most patients had a low AT level (<80%) during ECMO
support (patient 7 died before AT level monitoring was added
on March 2), and the effect of plasma therapy had an unsatis-
factory effect at 200-to-400 mL/d. However, there is no com-
mercially available AT supply in China. HIT was confirmed
6 days after the start of the second initiation of ECMO support,
and argatroban was used instead of heparin in patient 7.

Discussion

COVID-19 surfaced in China in December 2019 and now is
a worldwide pandemic. To the authors’ knowledge, several
drugs currently are being tested, but there is still a lack of con-
sensus or recommendations for any antiviral drug or drug com-
bination, and traditional ARDS therapies may fail in critically

Patientday 1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 d6 47

1

Pkl E

ECMO day; [0 non-ECMO day; B Oxygenator replacement; B Oxygenator thrombus; ' Trachea hemorrhage; M Cannulation site hemorrhage; B Oronasal hemorrhage;

M Bleeding at puncture point; B Thoracic hemorrhage; M Deep vein thrombosis

Fig 3. Thrombosis and bleeding events of 8 patients (up to May 20, 2020).
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ill patients.]g Indeed, recent trials have shown that ECMO
could be used as an alternative therapeutic regimen, prolong
survival time, and reduce the mortality for patients with severe
ARDS.'*? However, when it comes to COVID-19 patients
complicated by severe ARDS, existing experience is limited
and it is necessary to elucidate the indications, intervention
time, therapeutic efficacy, and complications of ECMO in
these complex patients. After an expert consensus statement
and guidelines from Shanghai and the United States, the
authors’ center has provided venovenous ECMO support to 8
patients since May 20.”?' Traditional ECMO indications
might lead to prolonged hypoxia and multiple organ failure in
COVID-19 patients. Therefore, early ECMO support was
adopted when mechanical ventilation was insufficient to cor-
rect hypoxia in these patients.'® In the present study, it was
found that the clinical characteristics of COVID-19 patients
were different from those of other viral pneumonia patients in
terms of ECMO anticoagulation management and coagulation-
related complications.

Severe COVID-19 patients manifest abnormal inflammatory
responses and immune system damage, characterized by the
rise of interleukin-6 levels and the decline in lymphocyte
count, which is correlated with the severity of pneumonia.”**’
All 8 critically ill patients on ECMO in the present study
exhibited a cytokine storm syndrome, with high interleukin-6
levels. As other reports have described, the inflammatory
storm could activate the coagulation cascade and cause sec-
ondary hyperfibrinolysis or disseminated intravascular coagu-
lation (DIC) in severe COVID-19 patients.”* > It has become
evident from published evidence that SARS-CoV-2 infection
itself promotes immunologic response, which is unseen with
seasonal influenza.”’ Through the renin-angiotensin system,
the SARS-CoV-2 virus may attack the endothelium, possibly
leading to its activation and systemic prothrombotic state.”®
Chen et al. revealed that nearly 20% of COVID-19 patients
experienced coagulopathy, and nearly all severe and critically
ill patients experienced different extents of coagulopathy.””~*
This was confirmed by venous thromboembolism and micro-
thrombosis in the lungs associated with SARS-CoV-2 infec-
tion.”'> The hypercoagulability observed in COVID-19
patients could arise from pulmonary vascular endothelial cell
injuries, inflammatory responses, exocytosis of unusually large
von Willebrand factor multimers, and platelet activation.™
The present study’s cohort of ECMO-supported critically ill
COVID-19 patients also showed certain degrees of coagulation
activation and hyperfibrinolysis before ECMO initiation. The
D-dimer, FDP, and fibrinogen levels had increased signifi-
cantly in most of the patients. Chest CT performed 6 days after
hospitalization revealed new cerebral infarction in patient 5.
These clinical manifestations were consistent with the findings
from Tang et al. that severe COVID-19 patients showed a sig-
nificant increase in D-dimer and FDP levels and a higher inci-
dence of DIC.?"~*

In addition, supraphysiologic shear stress and interactions
between foreign material and blood components during
ECMO cause systemic activation of coagulation and inflam-
mation pathways that, in extreme conditions, may lead to

thrombosis and DIC.** All the present study’s patients consis-
tently showed high levels of D-dimer and FDP throughout,
high levels of fibrinogen at the early stage, and consumption
of fibrinogen and platelets at the later stage during ECMO sup-
port. From clinical observation in the authors’ medical center,
the D-dimer and FDP levels stayed consistently high and cor-
related with oxygenator thrombosis and ECMO circuit pack
replacement. After the ECMO circuit pack was replaced, D-
dimer and FDP levels decreased significantly for a short period
but increased again as thrombi formed on the new oxygenator.
Several patients experienced multiple ECMO circuit pack
replacements (see Fig 3). Shortly after replacement, oxygena-
tor thrombus was observed again in most patients and often
was accompanied by D-dimer and FDP near limit values (FDP
>150 wg/mL and D-dimer level >20 wg/mL, respectively).
In a standardized anticoagulation regimen with ACT main-
tained at around 200 seconds, frequent oxygenator thrombosis
events and hyperfibrinolysis were rarely seen in previous
ECMO-supported patients.” In a retrospective study of 201
COVID-19 patients, Wu et al. found that the increase of D-
dimer level was an independent risk factor of death.”® In
another multicenter, retrospective cohort study, elevated D-
dimer levels were strongly associated with in-hospital death,
even after multivariate adjustment.37 However, whether
this is associated with poor prognosis in ECMO-supported
COVID-19 patients still needs further research. According
to Granja et al., activation of GPIIb/IIla and increased
release of platelet microparticles in venovenous ECMO
suggests that ARDS-related inflammatory responses may
lead to activation of platelets and enhancement of fibrin
polymerization, which may promote thrombosis.”® Con-
sumption of coagulation factors after thrombosis events
was obvious. The need for fresh frozen plasma at a dose of
200-to-400 mL/day and platelets at an average of
0.8 U/day to restore coagulation function was necessary in
the present study’s patients.

In cases of oxygenator thrombosis with D-dimer >10 g/
mL, fibrinogen <1 g/L, and a decrease in platelet count, the
entire ECMO circuit pack should be replaced regardless of gas
exchange function. In addition to aggressive ECMO circuit
pack replacement, the intensity of anticoagulation was
increased moderately and the deficiency of platelets and fibrin-
ogen was corrected. If there was only hyperfibrinolysis or DIC
(International Society on Thrombosis and Haemostasis score
>5") without oxygenator thrombosis, the coagulation path-
way was enhanced moderately and tranexamic acid therapy
was provided. Although the Extracorporeal Life Support Orga-
nization does not recommend conventional antifibrinolytic
therapy, the authors of the present study believe that it is bene-
ficial for blood protection in hypercoagulation status.”” There
is no evidence to support the increase of anticoagulation inten-
sity from standard anticoagulation prophylaxis to intermedi-
ate-intensity prophylaxis in COVID-19 patients who
experience recurrent clotting of extracorporeal circuits despite
prophylactic anticoagulation. Any decision to increase the
intensity of anticoagulation should consider the individual
patient’s bleeding risk.
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UFH is required for ECMO but could aggravate coagulop-
athy further in ECMO-supported COVID-19 patients. ECMO-
associated coagulopathy is a multifactorial, rapidly developing
syndrome which, based on platelet and coagulation disorders
before ECMO, deteriorates with ECMO-required anticoagula-
tion and may cause bleeding and thrombotic complications.*’
The hypercoagulability and secondary hyperfibrinolysis during
ECMO support also caused coagulopathy and manifested as
coexistence of bleeding and thrombotic events. Common
bleeding complications mainly involve airway, cannulation
sites, invasive procedures or puncture wounds, skin or oronasal
mucosae, gastrointestinal tracts, and lungs. Seventeen bleeding
events occurred in 8 of the present study’s patients, including
tracheal hemorrhage, oronasal hemorrhage, thoracic hemor-
rhage, and puncture or cannulation site hemorrhage (see
Fig 3). Given the complex nature of this problem, early consul-
tation with hematologists may be prudent as part of a multidis-
ciplinary team. The varying and dynamic heparin
requirements can be difficult to monitor and manipulate.*
Granja et al. suggested that for the purpose of identifying
high-risk factors of ECMO-associated coagulopathy in indi-
vidual patients, bedside whole blood coagulation detection,
platelet aggregation assay, and von Willebrand factor determi-
nation were necessary.38 In addition, cannulation site hemor-
rhage occurred in 2 patients 1 week after ECMO support. This
was mainly because of hardening of the vascular walls and for-
mation of subcutaneous tissue fistula at cannulation sites. In
cases like this, compression is less effective and suture ligation
should be performed. It is necessary to minimize iatrogenic
bleeding caused by airway care, bronchoscopy, and invasive
procedures if possible. It is also worth noting that when the
intensity of anticoagulation is decreased for concerns about
bleeding, it may aggravate anticoagulation insufficiency in the
hypercoagulable state of COVID-19 patients, resulting in
hyperfibrinolysis, DIC, and potentially more bleeding. Hemor-
rhage in this context is very difficult to manage because the
circuit remains prothrombotic while the patient is bleeding.

AT plays an important role in the continuous endothelial
activation because it is more exposed on the endothelium
when the cells are activated, and there is increased release in
the blood, with consequent rapid consumption with the use of
high-dose heparin.”® In ECMO patients, acquired AT defi-
ciency is a result of hemodilution, initiation of coagulation
cascade, and consumption as a result of the use of heparin. AT
supplementation is necessary to restore adequate anticoagula-
tion. Criteria for AT supplementation in adult ECMO patients
are not well-defined. Even though AT is frequently exoge-
nously supplemented to restore therapeutic anticoagulation,
when AT activity is deficient, this practice varies widely
among institutions. One concern about supplementing AT
in the presence of large doses of heparin is increased risk
of bleeding.41 After March 2, the AT activity level was
obtained in the authors’ center and AT supplementation
using continuous infusion plasma was recommended
because of the lack of commercial AT recombinant product
in China. The effect of plasma therapy was unsatisfactory
at 200-to-400 mL/d, and most patients had a low AT level

during ECMO support. The authors’ goal for AT was at
least 70% of normal values.

Conclusion

This was a single-center study based on a small number of
patients. The coagulation properties of ECMO support in this
cohort may not be representative; therefore, more comprehen-
sive clinical studies are needed to confirm these findings. In
summary, hypercoagulability and secondary hyperfibrinolysis
during ECMO support in COVID-19 patients were common
and possibly increased the propensity for thrombotic events
and oxygenator membrane failure. Careful management of the
anticoagulation regimen, along with the recruitment of highly
experienced teams are necessary. Currently, there is insuffi-
cient evidence to support a more aggressive anticoagulation
regimen for COVID-19 patients on ECMO support.
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