viruses

Article

New Insights in the Occurrence of Venous Thromboembolism
in Critically Ill Patients with COVID-19—A Large Postmortem
and Clinical Analysis

Fabian Heinrich **© Kevin Roedl >*©), Dominik Jarczak (9, Hanna-Lisa Goebels !, Axel Heinemann ?,

1

Ulrich Schifer 3, Frank Ludwig 4 Martin Bachmann 5, Berthold Bein ¢, Christian Friedrich Weber 7,
Karsten Sydow 8, Marc Bota °(7, Hans-Richard Paschen 1°, Andreas de Weerth 11, Carsten Veit 12, Oliver Detsch 3,
Philipp-Alexander Brand !4, Stefan Kluge ?, Benjamin Ondruschka "+ and Dominic Wichmann 2-*#

check for
updates

Citation: Heinrich, F,; Roed], K.;
Jarczak, D.; Goebels, H.-L.;
Heinemann, A.; Schifer, U.; Ludwig,
F.; Bachmann, M.; Bein, B.; Weber,
C.F; et al. New Insights in the
Occurrence of Venous
Thromboembolism in Critically IlI
Patients with COVID-19—A Large
Postmortem and Clinical Analysis.
Viruses 2022, 14, 811. https://
doi.org/10.3390/v14040811

Academic Editors: Giuseppe

Camporese and Pierpaolo Di Micco

Received: 16 March 2022
Accepted: 12 April 2022
Published: 14 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Legal Medicine, University Medical Center Hamburg-Eppendorf, 22529 Hamburg, Germany;
hanna-lisa.goebels@uke.de (H.-L.G.); heinemann@uke.de (A.H.); b.ondruschka@uke.de (B.O.)

Department of Intensive Care Medicine, University Medical Center Hamburg-Eppendorf, Martinistr. 52,
20246 Hamburg, Germany; k.roedl@uke.de (K.R.); d.jarczak@uke.de (D.].); s.kluge@uke.de (S.K.)
Department of Cardiology, Angiology and Intensive Care Medicine, Marien Hospital,

22087 Hamburg, Germany; bwzkkliniki@bundeswehr.org

Department of Pneumonology and Intensive Care Medicine, Weaning Center, Asklepios Hospital Barmbek,
22307 Hamburg, Germany; f ludwig@asklepios.com

Department of Intensive Care and Respiratory Medicine, Clinic for Airway, Thorax and Respiratory Medicine,
Asklepios Hospital Harburg, 21075 Hamburg, Germany; ma.bachmann@asklepios.com

Department of Anesthesiology, Intensive Care, Emergency Medicine and Pain Medicine, Asklepios Hospital
St. Georg, 20099 Hamburg, Germany; b.bein@asklepios.com

Department of Anesthesiology, Intensive Care and Emergency Medicine, Asklepios Hospital Wandsbek,
22043 Hamburg, Germany; c.weber@asklepios.com

Department of Cardiology, Albertinen Hospital, 22457 Hamburg, Germany;
karsten.sydow@immanuelalbertinen.de

Department of Internal Medicine, Bethesda Hospital Bergedorf, 21029 Hamburg, Germany; bota@bkb.info
10 Department for Anesthesiology and Intensive Care Medicine, Amalie Sieveking Hospital,

22359 Hamburg, Germany; hans.paschen@immanuelalbertinen.de

Department of Internal Medicine, Agaplesion Diakonie Hospital Hamburg, 20259 Hamburg, Germany;
andreas.deweerth@d-k-h.de

Department of Interdisciplinary Intensive Care Medicine, Bundeswehr Hospital, 22049 Hamburg, Germany;

11

12

carstenveit@hotmail.com
13 Department of Anesthesiology, Intensive Care, Emergency Medicine and Pain Medicine, Asklepios Hospital
Nord, 22417 Hamburg, Germany; o.detsch@asklepios.com
Department of Anesthesiology and Intensive Care Medicine, Helios Mariahilf Hospital,
21075 Hamburg, Germany; anaesthesie.mariahilf@helios-gesundheit.de
*  Correspondence: fa.heinrich@uke.de (FH.); d.wichmann@uke.de (D.W.); Tel.: +49-40-7410-57020 (D.W.)
t  These authors contributed equally to this work.
1t These authors contributed equally to this work.

14

Abstract: Critically ill COVID-19 patients are at high risk for venous thromboembolism (VTE), namely
deep vein thrombosis (DVT) and/or pulmonary embolism (PE), and death. The optimal anticoagu-
lation strategy in critically ill patients with COVID-19 remains unknown. This study investigated
the ante mortem incidence as well as postmortem prevalence of VTE, the factors predictive of VTE,
and the impact of changed anticoagulation practice on patient survival. We conducted a consecutive
retrospective analysis of postmortem COVID-19 (n = 64) and non-COVID-19 (n = 67) patients, as well
as ante mortem COVID-19 (n = 170) patients admitted to the University Medical Center Hamburg-
Eppendorf (Hamburg, Germany). Baseline patient characteristics, parameters related to the intensive
care unit (ICU) stay, and the clinical and autoptic presence of VTE were evaluated and statistically
compared between groups. The occurrence of VTE in critically ill COVID-19 patients is confirmed in
both ante mortem (17%) and postmortem (38%) cohorts. Accordingly, comparing the postmortem
prevalence of VTE between age- and sex-matched COVID-19 (43%) and non-COVID-19 (0%) cohorts,
we found the statistically significant increased prevalence of VTE in critically ill COVID-19 cohorts
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(p =0.001). A change in anticoagulation practice was associated with the statistically significant pro-
longation of survival time (HR: 2.55, [95% CI 1.41-4.61], p = 0.01) and a reduction in VTE occurrence
(54% vs. 25%; p = 0.02). In summary, in the autopsy as well as clinical cohort of critically ill patients
with COVID-19, we found that VTE was a frequent finding. A change in anticoagulation practice was
associated with a statistically significantly prolonged survival time.

Keywords: SARS-CoV-2; COVID-19; venous thromboembolism; deep vein thrombosis; pulmonary
embolism; respiratory infections

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019,
causing a global healthcare emergency [1]. Up to 20% of patients with coronavirus disease
2019 (COVID-19) became hospitalized, and up to 5% were admitted to the intensive care
unit (ICU) [2—4]. Although different treatment methods and therapeutic strategies have
been proposed, mortality rates in critically ill patients remain unacceptably high [2,5].

Compared to other respiratory infections, COVID-19 is associated with an increased
incidence of thrombotic events and disseminated intravascular coagulation (DIC) [6-9].
Venous thromboembolism (VTE), namely deep vein thrombosis (DVT) and/or pulmonary
embolism (PE), was found in up to 31% of critically ill COVID-19 patients clinically [8].
Mechanistically, micro- and macrovascular thrombosis might result from endothelial dys-
function and coagulation activation, leading to thromboinflammatory states [9-12]. Differ-
ent markers, including C-reactive protein and D-dimers, have been identified as predictive
of disease severity as well as VTE [7,11].

Prevention and recognition of VTE are of significant interest, especially in patients
suffering from severe illness. Despite standard anticoagulation regimes, the burden of
thrombotic events remained high. Consequently, extended measures for the prophylaxis
of venous thromboembolism have been introduced [13,14]. In the federal state of Ham-
burg (Hamburg, Germany), the recommendations for prophylactic anticoagulation were
adapted on 5 May, 2020, following a small case series revealing VTE in 58% of critically ill
COVID-19 patients. Of those, one-third died in a direct causal connection with pulmonary
embolisms [6,14]. In detail, this change in anticoagulation practice comprised an increase
in dosage in low-molecular-weight heparin from a prophylactic to an intermediate-dose
regime in patients without signs of anticoagulation disorders.

Several studies have attempted to conduct benefit-risk assessments of different pro-
phylactic anticoagulation regimes in critically ill COVID-19 patients [15,16]. Nevertheless,
their effectiveness in reducing VTE incidence remains unclear. This multicentre investiga-
tion aimed to investigate the postmortem prevalence as well as incidence of VTE, the factors
predictive of VTE, and the impact of changed anticoagulation practice on patient survival.

2. Materials and Methods
2.1. Study Design and Setting

Consecutive retrospective analysis of postmortem and ante mortem COVID-19 patients
admitted to the University Medical Center Hamburg-Eppendorf (Hamburg, Germany)
between 1 March and 31 December, 2020. The ethics committee of the Hamburg Chamber
of Physicians approved the study (No.: 2020-10353-BO-ff and PV7311).

2.2. Study Cohorts
2.2.1. Postmortem Cohorts
COVID-19 Autopsy Cohort
All consecutive autopsied adult COVID-19 decedents, treated at intensive care units

all over the state of Hamburg, admitted to the Institute of Legal Medicine at the Univer-
sity Medical Center Hamburg-Eppendorf (Hamburg, Germany) were included between
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1 March and 31 December, 2020 (1 = 64). COVID-19 was defined by the medical history
and >1 positive antemortem and/or postmortem reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) for SARS-CoV-2. According to an established death case
evaluation, the final cause of death was attributed to COVID-19 in all cases [17].

Non-COVID-19 Autopsy Cohort

All consecutive autopsied adult decedents treated at the Department of Intensive
Care Medicine (University Medical Center Hamburg-Eppendorf, Hamburg, Germany)
and consecutively admitted to the Institute of Legal Medicine (University Medical Center
Hamburg-Eppendorf, Hamburg, Germany) were included between 1 January, 2019, and
29 February, 2020 (n = 131). Deceased from intensive care units other than the Department
of Intensive Care Medicine were excluded due to the availability of ante mortem data.

Postmortem External and Internal Examination

External and internal examinations were performed according to guidelines on post-
mortem examinations by the German Society of Legal Medicine (AWMEF 054/001) with
special consideration of the guidelines on handling COVID-19 deaths. Photographic and
written documentation was performed in all cases. The postmortem interval was 4 days
(IQR: 2-6) on the median.

Postmortem Diagnosis of Venous Thromboembolism

The postmortem diagnosis of venous thromboembolism was based on the patients’
medical records and external and internal corpse examinations. Blood clots in the pul-
monary arteries and/ or lower leg veins were analyzed regarding their temporal nature.
Blood clots were defined acutely based on their surface and structure in macroscopic
cross-sections (i.e., clots of ribbed structure without relevant adhesions to the vessel walls).

Clinical Data Collection—Postmortem Cohort

Clinical data were obtained from discharge letters provided by the hospitals respon-
sible for the patients’ medical treatment. Furthermore, a paper-based case report form
was sent to the clinics requesting additional clinical data, including organ support, specific
COVID-19 treatment, and prophylactic anticoagulation strategy within the last 48 h prior
to death.

2.2.2. Ante Mortem Cohort
Ante Mortem COVID-19 Intensive Care Unit Cohort

All consecutive critically ill adult COVID-19 patients admitted to the Department
of Intensive Care Medicine (University Medical Center Hamburg-Eppendorf, Hamburg,
Germany) were included between 1 March, 2020, and 31 December, 2020 (n = 170). COVID-
19 was defined by the patients’ clinical features and >1 positive RT-qPCR for SARS-CoV-2.

Microbiological Examination

Respiratory tract samples (i.e., tracheal aspirates and nasopharyngeal swabs (eSwab,
Copan, Italy)) and blood plasma (Serum-Gel, Sarstedt, Niimbrecht, Germany) were ob-
tained as part of the clinical routine at the Department of Intensive Care Medicine. SARS-
CoV-2 RNA was detected and quantified as described previously [18]. Standard RNA refer-
ence material (obtained from INSTAND e.V.,, Duesseldorf, Germany) was used
for quantification.

Ante Mortem Diagnosis of Venous Thromboembolism

The ante mortem diagnosis of venous thromboembolism (i.e., pulmonary embolisms
and/or deep vein thrombosis) was based on clinical suspicion and the subsequent confirma-
tory diagnostic procedures. Clinical risk assessment for VTE was conducted in accordance
with recently published guidelines [19]. In clinical suspicion, confirmatory ultrasound and
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computed tomography pulmonary angiography were performed according to the local
standard operating procedures.

Clinical Data Collection—Ante Mortem Cohort

Clinical data were collected through the electronic patient data management system
(PDMS, Integrated Care Manager® (ICM), Version 9.1—Draeger Medical, Liibeck, Germany).
The covariables included were age, sex, comorbidities, COVID-19 disease specifics (date
of diagnosis, severity, and complications), length of ICU stay, length of hospital stay,
survival status, anticoagulation modalities (within the last 48 h prior to discharge), organ
support (i.e., mechanical ventilation, vasopressor, and renal replacement therapy) and
laboratory parameters.

2.2.3. Anticoagulation Regimes

Patients were grouped according to anticoagulation regimes received within 24 h
before death, i.e., low, intermediate, and high anticoagulation dose. A low anticoagulation
dose was defined as a prophylactic regimen of enoxaparin (or a similar substance) at a
dose of 20 mg/40 mg once daily. The intermediate anticoagulation dose was defined as
30 mg/40 mg subcutaneously twice daily (weight-based enoxaparin 0.5 mg/kg). Alterna-
tively, unfractionated heparins aiming at 1.5- to 1.8-fold prolonged partial thromboplastin
time (PTT) were counted as intermediate-dose anticoagulation. A high anticoagulation
dose was defined as a therapeutic dose of enoxaparin (or a similar substance) at a dose of
1 mg/kg subcutaneously twice daily if creatinine clearance (CrCl) was 30 mL/min/1.73 m?
or higher or 0.5 mg/kg twice daily if CrCl was 15-29 mL/min/1.73 m2. Furthermore,
patients with continuous anticoagulation receiving unfractionated heparins or argatroban,
aiming at a PTT of 60 s or higher, were included in this group.

2.2.4. Statistical Analysis

Data are presented as absolute and relative frequencies for categorical variables and as
median and interquartile range for continuous variables. As appropriate, the comparison
of categorical variables was made using Fisher’s exact or chi-square test. Continuous
variables were compared using the Mann-Whitney U-test. Cases and controls for com-
parative autopsy cohorts were matched randomly based on age and sex. Univariate and
multivariate comparison was made by logistic regression. Independent variables were
included on a clinical and scientific basis. Odds ratios with 95% confidence intervals
are reported. Model fitness was estimated using likelihood ratio (LR) chi2 testing and
Akaike’s information criterion (AIC). Survival function estimates were calculated using the
Kaplan—-Meier method and were compared using the log-rank test. Values of p < 0.05 were
considered statistically significant. Statistical analyses were performed using Stata/MP 17.0
(StataCorp, College Station, TX, USA). GraphPad Prism software version 9.0.0 (GraphPad
Software, San Diego, CA, USA) was used for data illustration.

3. Result
3.1. Study Population

In the study period from 1 March to 31 December, 2020, 632 COVID-19-related deaths
occurred in the city of Hamburg (Hamburg, Germany) officially [17]; all cases were eval-
uated at the Institute of Legal Medicine of the University Medical Center Hamburg-
Eppendorf. Of those, we could identify 64 consecutive critically ill patients who were
treated at an ICU and were evaluated by full autopsy and medical records. The median age
at death was 73 (IQR: 64—79) years; 27% (n = 17) were female. Patient characteristics are
illustrated in Table 1.
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Table 1. Baseline characteristics of consecutive COVID-19 patients from intensive care units all
over the city of Hamburg, autopsied at the Institute of Legal Medicine (University Medical Center
Hamburg-Eppendorf, Germany), are illustrated (n = 64). Patients were grouped according to the
postmortem diagnosis of pulmonary embolisms. Numbers with frequencies and median with
interquartile ranges are illustrated. Univariate and multivariate logistic regressions were performed.
Odds ratios with 95% confidence intervals are given. Model estimators: Wald chi-square test: 17.29,
p = 0.14; Akaike’s information criterion (AIC): 88.30. Abbreviations: BMI, body mass index; ICU,
intensive care unit; ECMO, extracorporeal membrane oxygenation; RRT, renal replacement therapy;
COVID-19, coronavirus disease 2019; ARDS, acute respiratory distress syndrome.

Overall Patients ~ Pulmonary Embolism  Univariate Logistic Regression

Multivariate Logistic Regression

Age
Sex (Ref: Female)
BMI

Type II diabetes mellitus
Arterial hypertension
Chronic lung disease

Chronic kidney disease

Mechanical ventilation
ECMO
RRT

Remdesivir
Dexamethasone

Tocilizumab

ARDS

Odds ratio p-value Odds ratio p-value
n =64 n=19 95% CI 95% CI

Sociodemographic variables

72.5 (63.5-79.0) 72.0 (57.0-79.0) 0.99 (0.94-1.03) 0.49 0.96 (0.91-1.01) 0.13

47 (73.4%) 14 (73.7%) 1.02 (0.30-3.44) 0.98 1.27 (0.21-7.49) 0.80

27.7 (22.6-32.8) 29.6 (24.7-36.8) 1.02 (0.98-1.07) 0.35 1.02 (0.96-1.09) 0.53

Pre-existing medical conditions

18 (28.1%) 4 (21.1%) 0.59 (0.17-2.10) 0.42 0.49 (0.10-2.38) 0.38

33 (51.6%) 9 (47.4%) 0.79 (0.27-2.31) 0.66 0.42 (0.08-2.12) 0.29

20 (31.2%) 6 (31.6%) 1.02 (0.32-3.24) 0.97 0.96 (0.24-3.89) 0.95

13 (20.3%) 3 (15.8%) 0.66 (0.16-2.71) 0.56 0.56 (0.09-3.54) 0.54

ICU-related therapies

50 (78.1%) 17 (89.5%) 3.09 (0.62-15.42) 0.02 2.89 (0.19-43.41) 0.44

11 (17.2%) 3 (15.8%) 0.87 (0.20-3.70) 0.85 0.21 (0.04-1.13) 0.107

35 (54.7%) 15 (78.9%) 4.69 (1.34-16.46) 0.02 11.22 (2.36-53.30) 0.002
COVID-19-related therapies

1(1.6%) 0 (0.0%) ND ND ND ND

19 (29.7%) 4 (21.1%) 0.53 (0.15-1.89) 0.33 0.76 (0.18-3.19) 0.71

0 (0%) 0 (0%) ND ND ND ND
COVID-19 disease severity

48 (75.0%) 15 (78.9%) 1.36 (0.38-4.93) 0.64 0.57 (0.09-43.63) 0.55

3.2. Postmortem Prevalence of VTE in Consecutive COVID-19 Decedents Compared to
Non-COVID-19 Decedents

In consecutive autopsied COVID-19 cases, 24/64 (38%) cases were found to have
VTE. In detail, PE was found in 19/64 (30%) patients, and DVT was found in 18/37 (49%)
patients. Of the pulmonary embolisms, five were localized in central, eight in segmental,
and six in subsegmental flow areas of the pulmonary vasculature. In 6/19 (32%) cases, the
pulmonary embolism remained clinically undiagnosed.

To distinguish the occurrence of venous thromboembolism in COVID-19 patients
from that in critically ill patients in general, their occurrence was studied in an age-
and sex-matched subset cohort (21 COVID-19 patients and 21 non-COVID-19 patients).
The latter were included from a consecutive autopsied cohort of non-COVID-19 patients
(1 January 2019-29 February 2021) (cohort specifications are shown in detail in Supplemen-
tary Table S1). VTE was found in 0/21 (0%) and 9/21 (43%) critically ill non-COVID-19 and
COVID-19 patients, respectively (X? = 11.45, p = 0.001). In the COVID-19 cohort, PE could
be detected in 9/21 (43%) patients and DVT in 7/14 (50%). In the non-COVID-19 cohort,
neither patients with PE nor DVT could be detected.

Clinical characteristics of decedents with and without PE were compared by uni- and
multivariate analyses (see Table 1). No differences were found in regard to patient age
(p = 0.13), sex (p = 0.80), or body mass index (BMI) (p = 0.53). Similarly, no differences
were found with regard to the patients’ pre-existing medical conditions, presence of ARDS,
or establishment of COVID-19-related therapies. Renal replacement therapy (RRT) was
significantly associated with the occurrence of PE in patients with COVID-19 (OR: 11.22
[95% CI 2.36-53.30]; p = 0.01). Mechanical ventilation associates with PE in critically ill
COVID-19 patients in univariate (OR: 3.09 [95% CI 0.62-15.42]; p = 0.02) but not multivariate
(p = 0.44) analyses.
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Relevant laboratory parameters were compared with regard to their predictive func-
tion for the occurrence of pulmonary embolisms. Laboratory analyses revealed no statis-
tically significant differences between patients with and without PE in leukocyte counts
(13.8 x 109/L vs. 12.9 x 109/L, p = 0.78) and platelet count (175.0 x 109/L vs. 155.0 x 109/L,
p = 0.57) before death, nor in the maximum levels of D-dimers (6.7 mg/L vs. 8.0 mg/L,
p = 0.32) or C-reactive protein (184.0 mg/dL vs. 172.0 mg/dL, p = 0.81).

3.3. Effect of Local Guideline Changes on Anticoagulant Therapy

Following initial reports of a high prevalence of thrombotic events, local guidelines
on anticoagulant therapy for hospitalized patients in the city of Hamburg were adjusted
by May 2020 [6]. A statistically significant prolongation of survival time of critically ill
COVID-19 patients was observed for cases between May and December 2021 compared to
the period before, as confirmed by the log-rank test (HR: 2.55 [95% CI 1.41-4.61], p = 0.01)
(see Figure 1). A change in clinical practice, associated with less frequent occurrence of
VTE (54% vs. 25%; X2 = 5.49, p = 0.02) and PE (39% vs. 22%; X? = 2.20, p = 0.14).

RN
o
o

,I

-

before 15t May 2020
—— after 15t May 2020

HR: 2.55 (1.41 - 4.61)
p=0.01

Probability of Survival (%)
(€)]
o
lllllllllllllllllll

I I
100 150
No. at risk Time after diagnosis (days)

o
N
o

After 1st May 2020 36 2 1 0

Figure 1. Kaplan-Meier curves display the overall time interval before death of 64 consecutive
COVID-19 patients from intensive care units all over the city of Hamburg, autopsied at the Institute
of Legal Medicine (University Medical Center Hamburg-Eppendorf, Germany). Survival time was
calculated starting from the day of the first positive molecular genetic diagnosis (by RT-qPCR).
Patients were grouped according to their admission date before or after adjustments to the local
therapy recommendations (in early May 2020). Kaplan-Meier estimates and 95% confidence intervals,
as well as hazard ratios (Mantel-Haenszel), are illustrated.

3.4. Ante Mortem Clinical Incidence, the Likelihood of Death, and the Effect of Anticoagqulant
Regimens on the Occurrence of VTE in Consecutive Critically IIl COVID-19 Patients Admitted to
an ICU

To estimate the incidence of VTE in critically ill COVID-19 patients, a consecutive
cohort was clinically screened for the occurrence of venous thromboembolism (1 = 170).
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The median age was 63 years (IQR: 55-73), and 34% (n = 58) were female. Patients survived
COVID-19 in 99/170 (58%) cases and died in 71/170 (42%) cases.

Of those, 29/170 (17%) suffered VTE diagnosed during their lifetime. In detail, 12/170
(7%) suftered PE, and 18/170 (11%) suffered DVT. Location of PE was central, segmental,
and subsegmental in two, eight, and two cases, respectively. On a side note, performing
subgroup analyses of all patients autopsied, 12/23 (52%) patients suffered VTE as confirmed
by full autopsy (PE: 10/23 [44%], DVT: 9/22 [41%]). Importantly, 9/12 (75%) died of
pulmonary embolisms; the likelihood of death in the presence of PE was estimated for this
cohort (HR: 1.77 [95% CI 0.88-3.57], p = 0.11).

Multivariate analyses confirmed the need for ECMO (OR: 41.33 [95% CI 5.54-308.31],
p < 0.0001) and renal replacement therapy (OR: 10.55 [95% CI 2.59-43.02], p = 0.001) as
strong predictors of patient death (see Table 2).

Table 2. Baseline characteristics of consecutive COVID-19 patients admitted to the Department of
Intensive Care Medicine (University Medical Center Hamburg-Eppendorf, Germany) are illustrated
(n = 170). Patients were grouped according to their overall survival. Numbers with frequencies and
median with interquartile ranges are illustrated. Univariate and multivariate logistic regressions were
performed. Odds ratios with 95% confidence intervals are given. Model estimators: Wald chi-square
test: 64.96, p < 0.0001; Akaike’s information criterion (AIC): 140.73. Abbreviations: BMI, body mass
index; ICU, intensive care unit; NIV, noninvasive ventilation; MV, mechanical ventilation; ECMO,
extracorporeal membrane oxygenation; RRT, renal replacement therapy; COVID-19, coronavirus
disease 2019; TPE, therapeutic plasma exchange; ARDS, acute respiratory distress syndrome; SAPSII,
simplified acute physiology score 2; SOFA, sepsis-related organ failure assessment score.

Opverall Patients

Non-Survivors Univariate Logistic Regression Multivariate Logistic Regression

Age
Sex (Ref: Female)
BMI
Charlson comorbidity index

Type II diabetes mellitus
Arterial hypertension
Chronic lung disease

Chronic kidney disease

Nasal oxygen therapy
NIV
MV
MYV time (days)
ECMO
RRT
Catecholamines

Remdesivir
Dexamethasone
Tocilizumab
TPE

ARDS
ARDS severity
SAPS II—on admission
SOFA score—on admission

Odds ratio p-value Odds ratio p-value
n =170 n=71 95% CI 95% CI
Sociodemographic variables
63.0 (55.0-73.0) 66.0 (58.0-76.0) 1.03 (1.00-1.05) 0.04 1.03 (0.98-1.08) 0.24
112 (65.9%) 49 (69.0%) 0.79 (0.41-1.50) 0.47 0.61 (0.16-2.33) 0.47
27.2 (24.2-31.9) 26.3 (23.9-32.7) 0.99 (0.95-1.04) 0.78 0.88 (0.80-0.96) 0.01
2.0 (1.0-3.0) 2.0 (1.0-4.0) 1.09 (0.96-1.24) 0.17 1.50 (1.02-2.21) 0.04
Pre-existing medical conditions
57 (33.5%) 22 (31.0%) 0.82 (0.43-1.57) 0.55 0.69 (0.19-2.57) 0.58
97 (57.1%) 42 (59.2%) 1.16 (0.62-2.15) 0.64 1.75 (0.39-7.89) 0.47
24 (14.1%) 11 (15.5%) 1.21 (0.51-2.89) 0.66 0.47 (0.12-1.95) 0.30
27 (15.9%) 10 (14.1%) 0.79 (0.34-1.85) 0.59 0.15 (0.01-2.05) 0.16
ICU-related therapies
60 (35.3%) 24 (33.8%) 0.89 (0.47-1.69) 0.73 0.54 (0.12-2.44) 0.43
41 (24.1%) 19 (26.8%) 1.28 (0.63-2.59) 0.50 0.79 (0.13-4.62) 0.79
120 (70.6%) 65 (91.5%) 8.67 (2.43-21.87) <0.0001 0.98 (0.03-34.31) 0.99
8.0 (0.0-21.5) 12.0 (5.0-22.0) 1.00 (0.98-1.01) 0.68 0.91 (0.87-0.96) <0.0001
49 (28.8%) 33 (46.5%) 4.50 (2.22-9.16) <0.0001 41.33 (5.54-308.31) <0.0001
79 (46.5%) 51 (71.8%) 6.47 (3.28-12.73) <0.0001 10.55 (2.59-43.02) 0.001
132 (77.6%) 67 (94.4%) 8.76 (2.94-26.08) <0.0001 0.70 (0.03-16.54) 0.82
COVID-19-related therapies
32 (18.8%) 10 (14.1%) 0.57 (0.25-1.30) 0.18 0.49 (0.10-2.46) 0.38
73 (42.9%) 35 (49.3%) 1.56 (0.84-2.89) 0.16 1.48 (0.29-7.65) 0.64
3 (1.8%) 3 (4.2%) ND ND ND ND
6 (3.5%) 3 (4.2%) 1.41(0.28-7.21) 0.68 2.37 (0.38-14.71) 0.36
COVID-19 disease severity
113 (66.5%) 64 (90.1%) 9.33 (3.89-22.36) <0.0001 7.59 (0.27-211.19) 0.23
3.0 (0.0-3.0) 3.0 (3.0-3.0) 2.29 (1.70-2.08) <0.0001 1.79 (0.54-5.96) 0.34
40.0 (33.0-48.0) 43.0 (37.0-52.0) 1.07 (1.03-1.10) <0.0001 1.05 (0.98-1.13) 0.17
7.0 (3.0-12.0) 10.0 (6.0-13.0) 1.12 (1.04-1.19) 0.001 0.92 (0.79-1.07) 0.27

Next, survivors and non-survivors with (n = 12) and without (n = 158) pulmonary
embolisms were compared by univariate analyses. Diabetes mellitus (67% vs. 31%, p = 0.01)
was significantly associated with the presence of PE. Further the severity of ARDS (median:
3 (3-3) vs. median: 2 (0-3), p = 0.04), time of mechanical ventilation (median: 19 [5-58]
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days vs. median: 8 [0-20] days, p = 0.04) and need for RRT (100% vs. 42%, p < 0.0001) were
associated with the occurrence of PE (see Table 3).

Table 3. Baseline characteristics of consecutive COVID-19 patients admitted to the Department of
Intensive Care Medicine (University Medical Center Hamburg-Eppendorf, Germany) are illustrated
(n = 170). Patients were grouped according to the clinical diagnosis of pulmonary embolisms.
Numbers with frequencies and median with interquartile ranges are illustrated. Abbreviations:
BMI, body mass index; ICU, intensive care unit; NIV, noninvasive ventilation; MV, mechanical
ventilation; ECMO, extracorporeal membrane oxygenation; ILA, interventional lung assist; RRT,
renal replacement therapy; COVID-19, coronavirus disease 2019; TPE, therapeutic plasma exchange;
ARDS, acute respiratory distress syndrome; SAPS II, simplified acute physiology score 2; SOFA,
sepsis-related organ failure assessment score.

No Pulmonary Embolism

Pulmonary Embolism Overall Patients Comparative Statistics (p-Value)

Age
Sex
Male
Female
BMI
Charlson comorbidity
index

Type II diabetes mellitus
Arterial hypertension
Chronic lung disease

Chronic kidney disease

Nasal oxygen therapy
NIV
MV
MV time
ECMO
RRT
Catecholamines

Remdesivir
Dexamethasone
Tocilizumab
TPE therapy

ARDS
ARDS severity
SAPSII
SOFA score

n =158 n=12 n=170
Sociodemographic variables

63.0 (53.0-73.0) 62.5 (59.0-74.5) 63.0 (55.0-73.0) 0.54
104 (65.8%) 8 (66.7%) 112 (65.9%) 0.95
54 (34.2%) 4 (33.3%) 58 (34.1%) .

27.2 (24.2-31.9) 27.0 (23.7-31.8) 27.2 (24.2-31.9) 0.66
2.0 (1.0-3.0) 2.5 (0.5-4.5) 2.0 (1.0-3.0) 0.58

Pre-existing medical conditions

49 (31.0%) 8 (66.7%) 57 (33.5%) 0.01

91 (57.6%) 6 (50.0%) 97 (57.1%) 0.61

22 (13.9%) 2 (16.7%) 24 (14.1%) 0.79

24 (15.2%) 3 (25.0%) 27 (15.9%) 0.37

ICU-related therapy

56 (35.4%) 4 (33.3%) 60 (35.3%) 0.88

36 (22.8%) 5 (41.7%) 41 (24.1%) 0.14

109 (69.0%) 11 (91.7%) 120 (70.6%) 0.10

8.0 (0.0-19.5) 18.5 (4.5-58.0) 8.0 (0.0-21.5) 0.04

45 (28.5%) 4 (33.3%) 49 (28.8%) 0.72
67 (42.4%) 12 (100.0%) 79 (46.5%) <0.0001

121 (76.6%) 11 (91.7%) 132 (77.6%) 0.23

COVID-19-related therapy

30 (19.0%) 2 (16.7%) 32 (18.8%) 0.84

67 (42.4%) 6 (50.0%) 73 (42.9%) 0.61

3 (1.9%) 0 (0.0%) 3 (1.8%) 0.63

6 (3.8%) 0 (0.0%) 6 (3.5%) 0.49

COVID-19 disease severity

55 (34.8%) 2 (16.7%) 57 (33.5%) 0.20

2.0 (0.0-3.0) 3.0 (3.0-3.0) 3.0 (0.0-3.0) 0.04

40.0 (33.0-48.0) 40.0 (34.0-52.5) 40.0 (33.0-48.0) 0.70

7.0 (3.0-12.0) 7.0 (2.5-11.5) 7.0 (3.0-12.0) 0.80

Relevant laboratory parameters were investigated with regard to their predictive func-
tion for the patients’ survival. The peak leukocyte counts (19.9 x 109/L vs. 14.1 x 109/L,
p =0.003), D-dimer levels (16.3 mg/L vs. 4.74 mg/L, p < 0.0001), C-reactive protein lev-
els (279.0 mg/dL vs. 194.0 mg/dL, p < 0.0001), and procalcitonin levels (7.1 ng/mL vs.
0.8 ng/mL, p < 0.0001) were shown to be associated with fatal outcomes. Likewise, low
platelet counts were associated with fatal outcomes (63.0 x 109/L vs. 164.0 x 109/L,
p <0.0001). Laboratory parameters upon ICU admission were not predictive of the patients’
survival. Presence of PE was associated with D-dimer levels (9.21 mg/L vs. 291 mg/L,
p = 0.02) upon ICU admission. In addition, no association of laboratory parameters upon
ICU admission nor of the peak parameters with the occurrence of pulmonary embolisms in
critically ill COVID-19 patients was found (see Figure 2).
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Figure 2. Relevant laboratory parameters of consecutive COVID-19 patients admitted to the De-
partment of Intensive Care Medicine (University Medical Center Hamburg-Eppendorf, Germany)
are illustrated (n = 170). Laboratory parameters at the time of admission (A) and peak parameters
(B) are illustrated (only for platelet counts the minimum parameters are shown). Patients were
grouped according to the presence of pulmonary embolisms (patients w/o pulmonary embolism are
marked yellow on the left, and patients with pulmonary embolism are marked green on the right).
Statistical comparisons between groups were performed using the Mann-Whitney U-test. p-values
are displayed as follows: *, p < 0.05; ns, not significant.

We found SARS-CoV-2 RNA in the blood of 109/155 (70%) patients. Aiming to
investigate the relationship between the occurrence of PE and a measurable level of viremia
in critically ill COVID-19 patients, a statistically significant inverse association of viremia
with the occurrence of pulmonary embolism was found (73% vs. 42%; X2 = 5.12, p = 0.02).

Next the influence of different doses of anticoagulant therapy on the occurrence of PE
was investigated. Thereby, we found that anticoagulation in a dose-dependent manner was
not statistically significant associated with a reduced incidence of pulmonary embolism
(X% = 6.42, p = 0.13). Yet, patients receiving prophylactic (1/30 (3%)) and intermediate-
dose (0/31 (0%)) anticoagulation presented with low frequencies of PE. Meanwhile, in
patients receiving therapeutic dose anticoagulation, relatively high frequencies of PE were
observed (11/12 [92%]). In total, 11 patients did not receive anticoagulant therapy due
to bleeding complications (n = 4) or thrombocyte counts < 50/uL (n = 7). Notably, in
a multivariate model, corrected for the occurrence of PE (OR: 2.21 [95% CI 0.40-12.08],
p = 0.36), anticoagulant regimes with low-molecular-weight heparin (low dose, OR: 0.08
[95% CI 0.02-0.43], p = 0.003; intermediate dose, OR: 0.06 [95% CI 0.01-0.29], p = 0.001; high
dose, OR: 0.06 [95% CI 0.01-0.28], p < 0.0001) but not unfractionated heparin (low dose, OR:
1.65 [95% CI0.14-19.85], p = 0.69; high dose, OR: 0.39 [95% CI 0.10-1.61], p = 0.19) showed a
statistically significant dose-dependent improvement of the patients’ survival (see Table 4).
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Table 4. Anticoagulation regimes of consecutive COVID-19 patients admitted to the Department of
Intensive Care Medicine (University Medical Center Hamburg-Eppendorf, Germany) are illustrated
(n =170). Anticoagulation therapy was evaluated within the last 24 h prior to death. Patients were
grouped according to their overall survival. Numbers with frequencies and median with interquartile
ranges are illustrated. Univariate and multivariate logistic regressions were performed. Odds ratios
with 95% confidence intervals are given. Model estimators: Wald chi-square test: 39.13, p < 0.0001;
Akaike’s information criterion (AIC): 198.85.

Overall Patients Non-Survivors Univariate Logistic Regression Multivariate Logistic Regression

n=170 n=71 O(;i;;orégo p-value O(g;)jorégo p-value

Pulmonary embolism 12 (7.1%) 9 (12.7%) 4.65(1.21-17.83) 0.03 2.21 (0.40-12.08) 0.36
Low-molecular-weight heparin

Low dose 23 (13.5%) 5 (7%) 0.14 (0.48-0.43) <0.0001 0.08 (0.02-0.43) 0.003
Intermediate dose 31 (18.2%) 5 (7%) 0.10 (0.03-0.29) <0.0001 0.06 (0.01-0.29) 0.001

High dose 31 (18.2%) 5 (7%) 0.10 (0.03-0.29) <0.0001 0.06 (0.01-0.28) <0.0001

Unfractionated heparin

Low dose 7 (4.1%) 6 (8.5%) 14.06 (1.63-121.58) 0.02 1.65 (0.14-19.85) 0.69
High dose 56 (32.9%) 33 (46.5%) 3.36 (1.71-6.60) <0.0001 0.39 (0.10-1.61) 0.19
Factor-Ila antagonist 9 (5.3%) 7 (9.9%) 5.30 (1.07-26.35) 0.04 0.84 (0.10-6.81) 0.87

4. Discussion

In this large observational postmortem and clinical analysis of critically ill patients with
COVID-19, we found an elevated risk of thrombosis, which was impressively demonstrated
by comparing the postmortem prevalence of VTE in COVID-19 and non-COVID-19 patients.
Furthermore, the analysis found a statistically significant association of patient outcome
with the change in anticoagulation practice. Interestingly, we were able to show that
a majority of critically ill patients presented viremic during the ICU stay, which could
contribute to an elevated thromboinflammatory state and immunothrombosis.

Thromboembolic events commonly complicate the disease course of patients suffering
from COVID-19 [6,8]. Accurate assessment of VTE in hospitalized patients with COVID-19
is difficult, and reported incidence rates range from 5 to 85% [10]. The variability of inci-
dence could be a consequence of different factors, including testing strategy, clinical setting,
and degree of thromboprophylaxis [20]. Patients hospitalized for any circumstances, but
especially for COVID-19, generally face an elevated risk of thrombosis, especially critically
ill patients, who are at the highest risk for thromboembolic events despite prophylactic
anticoagulation [6,21]. This owes to different factors unique in the ICU, including pro-
longed immobilization, central venous catheterization, blood product transfusion, and
certain medications [22]. One clinical observational study, including critically ill COVID-19
patients, revealed that up to 31% of the patients suffer from VTE, with 81% suffering pul-
monary embolisms being the most commonly diagnosed thromboembolic complication [8].
The presence of VTE was associated with increased illness severity and mortality [23,24].
In our large cohort of 64 deceased COVID-19 patients from ICUs all over Hamburg, we
could confirm earlier reports regarding the high incidence of VTE. Previous studies in the
early phase of the pandemic revealed VTE in 7/12 (58%) and 32/80 (40%) of autopsied
cases [6,25]. The postmortem evaluation of our cohort revealed that 30% had PE and 49%
DVT. In comparison, in our clinical cohort, we found a much lower incidence of VTE. This
may be explained by the fact that clinical diagnostics for VTE were only performed on rea-
sonable clinical signs for VTE, as also underscored by previous prospective clinical cohort
studies, revealing a high prevalence of occult thrombosis in mild to moderate COVID-19
cases [26]. Although the risk is known to be high, the exact incidence of VTE in critically
ill patients is a matter of ongoing debates. Furthermore, data comparing the postmortem
VTE incidence in COVID-19 and non-COVID-19 deceased critically ill patients remain
scarce. To our knowledge, we are reporting the largest consecutive cohort of COVID-19
deceased from ICU solely who underwent autoptic evaluation. Further, we compared our
data to a non-COVID-19 cohort of critically ill deceased. We retrospectively investigated
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the occurrence of PE and DVT, in an age and sex-matched cohort. In our analysis, only
critically ill patients with COVID-19 suffered from VTE. Although our matched cohort was
small, all patients were critically ill and underwent full-body examination using autopsy,
representing the gold standard of postmortem diagnostics. The circumscribed low VTE
prevalence in non-COVID-19 cases aligns with the VTE incidence previously described in
ICU patients screened for VTE occurrence [27]. However, patients in the control cohort
were heterogeneous and not only due to respiratory diseases in the intensive care unit.
A prospective cohort investigating patients with COVID-19 and non-COVID-19-related
ARDS showed a significantly higher rate of VIE in COVID-19 patients [28]. Our findings
impressively underline the high frequency of VTE in critically ill patients with COVID-19
and the high demand for sufficient anticoagulation strategies in the ICU setting, especially
in COVID-19 patients.

Findings of small autopsy case series early in the pandemic pointed out a high risk
of VTE in patients with COVID-19 [6,21]. These reports resulted in discussions of the
optimal anticoagulation strategy in patients with COVID-19 and led to the implementa-
tion of different anticoagulation regimes within hospitalized patients. Furthermore, the
clinically important question is whether enhanced or therapeutic-dose anticoagulation
as thromboprophylaxis is able to prevent VIE without drastically increasing the risk of
major bleeding. Given the high morbidity and mortality associated with severe COVID-
19 and the concern that aspects of the disease are driven by micro-/macrothrombosis,
many hospitals initiated aggressive anticoagulation protocols. Two studies investigated
the use of intermediate-dose anticoagulation in patients with severe COVID-19 and did
not find significant differences regarding the occurrence of thrombosis or death [15,29].
Randomized controlled trials investigating therapeutic anticoagulation in comparison to
standard therapy in critically ill patients did not result in a greater probability of survival
or organ-support-free days; a beneficial effect was only shown in one study investigating
high-risk patients exhibiting elevated D-dimer levels [16,30-32]. However, to date, the
effect of changing anticoagulation practice on the incidence of venous thromboembolism
has not been studied in a real-world cohort. In the city of Hamburg (Hamburg, Germany),
a change in treatment recommendations on anticoagulation practice was made in early
May 2020 based on published autopsy data [6]. We here could show that change in an-
ticoagulation practice is associated with a significant extension in patient survival time.
However, newly inspected beneficial therapies (e.g., dexamethasone) and improvement in
the general clinical care and practice of critically ill COVID-19 patients after a few months
of the pandemic make it difficult to say whether this change is attributable only to a change
in anticoagulation practice. Nevertheless, potential lung damage could have been avoided
by the mitigation of widespread thrombosis and microangiopathy of pulmonary vessels as
previously described [9].

Besides SARS-CoV-2 itself, a number of mechanisms are thought to contribute to the
elevated VTE risk identified. Abnormal levels of proinflammatory cytokines have been
found in COVID-19 patients resulting in increased systemic inflammation and a prothrom-
botic endothelial dysfunction state [33]. In critically ill patients, immobilization, use of
central venous catheters, platelet activation, and mechanical ventilation can contribute
to a prothrombotic state [34]. In particular, elevated D-dimer levels have been shown to
be significantly associated with the occurrence of PE as well as increased disease sever-
ity [20,35-37]. We could confirm these findings in our clinical cohort; of note, we were able
to show that even D-dimer levels on ICU admission were significantly associated with the
occurrence of PE in critically ill COVID-19 patients. Furthermore, we observed that severity
of ARDS, length of MV and need for RRT were significantly associated with the occurrence
of PE. The association with severity of ARDS and length of mechanical ventilation is most
likely of reversed causation with PE leading to a higher degree of respiratory failure. It
remains unclear whether VTE is directly associated with the severity of disease or whether
more severe disease causes thrombosis.
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Additionally, viremia was previously suggested to be associated with the severity
of illness in critically ill COVID-19 patients [38—43]. Furthermore, the failure to clear the
virus in COVID-19 patients with underlying hematologic malignancies was associated
with a high risk of death [44,45]. In our clinical cohort, we could show that viremia was
detectable in 70% of critically ill COVID-19 patients. One recent study found that blood
SARS-CoV-2 viral RNA load was independently associated with unfavorable outcomes
in a large cohort of critically ill COVID-19 patients [18]. Earlier studies mainly reported
single-point measurements and their association with unfavorable outcomes but did not
consider VTE occurrence. In our clinical cohort, we found that fewer patients with viremia
developed pulmonary embolisms (73% vs. 42%, p = 0.02). These patients presented higher
D-dimer, CPR, and PCT values than non-viremia patients reflecting a higher risk of VTE.
However, it is of note that patients without viremia developed VTE significantly more often.
One could argue that viremia is not necessarily associated with a thromboinflammatory
state. Generally, this finding would be in contrast to the previous association of critical
illness and occurrence of VTE. Due to the retrospective nature of the study and smaller
sample size this finding has to be interpreted with caution and must be confirmed in
larger studies.

Our study is subject to some limitations. Due to the study’s retrospective nature,
the diagnosis of venous thromboembolism was based on clinical suspicion in the ante
mortem cohort. Prospective cross-sectional studies are needed to confirm our findings
on the prevalence and determinants of VIE. Comparing the outcome of different modes
of anticoagulation in antemortem cohorts, no data on adverse side effects were included,
making further benefit-risk assessments difficult. Randomized clinical trials might pro-
vide further insights into the effects of different anticoagulation regimens regarding the
prevalence of VTE and the survival of critically ill patients.

5. Conclusions

In this large autopsy cohort of critically ill patients with COVID-19, we found that VTE
was a frequent finding, and the postmortem prevalence was significantly higher compared
to non-COVID-19 ICU patients. A change in practice in anticoagulation management is
statistically significantly associated with prolonged survival time.
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at the Institute of Legal Medicine (University Medical Center Hamburg-Eppendorf, Germany),
are illustrated. Patients were included from consecutive cohorts of COVID-19 patients between
1 January 2020, and December 31, 2020, and non-COVID-19 patients between 1 January 2019, and
29 February 2020. Numbers with frequencies and median with interquartile ranges are illustrated.
Abbreviations: ICU, intensive care unit; BMI, body mass index; MV, mechanical ventilation; RRT,
renal replacement therapy; ECMO, extracorporeal membrane oxygenation.

Author Contributions: FH., K.R., D.W. and B.O. participated in study conception and design. FH.,
KR, DJ.,, H-L.G., AH.,, US., EL., M.B. (Martin Bachmann), B.B., C.EW.,, K.S., M.B. (Marc Bota),
H-RP,AdW,CV,0.D,P-AB,SK, B.O. and D.W. were involved in acquisition of data. FH. and
K.R. contributed to analysis and interpretation of data. FH. and K.R. drafted the manuscript. S.K.,
B.O. and D.W. were involved in critical revision of the manuscript for important intellectual content.
S.K. and B.O. participated in supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research project was started within DEFEAT PANDEMIcs (Grant number 01KX2021)
and finalized in NATON (Grant Number 01KX2121) as part of the network of university medicine
funded by the German Federal Ministry of Education and Research (BMBF). Institutional funds of
the Institute of Legal Medicine and the Department of Intensive Care Medicine supported this study.

Institutional Review Board Statement: The ethics committee of the Hamburg Chamber of Physicians
approved the study (No.: 2020-10353-BO-ff and PV7311).


https://www.mdpi.com/article/10.3390/v14040811/s1
https://www.mdpi.com/article/10.3390/v14040811/s1

Viruses 2022, 14, 811 13 of 15

Informed Consent Statement: The requirement for informed patient consent was waived due to the
use of anonymized data from routine clinical care only.

Data Availability Statement: Data sharing is not applicable to this article.

Contflicts of Interest: FH., K.R,, H-L.G., A.H., B.O., O.S., EL., M.B. (Martin Bachmann), B.B., K.S.,
M.B. (Marc Bota), H.-R.P, A.d.W.,, C.V,, O.D. and P.-A.B. do not report any conflict of interest related
to this article. S.K. received research support from CytoSorbents and Daiichi Sankyo. He also
received lecture fees from Astra, Bard, Baxter, Biotest, CytoSorbents, Daiichi Sankyo, Fresenius
Medical Care, Gilead, Mitsubishi Tanabe Pharma, MSD, Pfizer, Philips, and Zoll. He received
consultant fees from Fresenius, Gilead, MSD, and Pfizer. D.W. received lecture honorarium from
ADVANZ (previously Correvio), AMEOS, Gilead, Kite, MSD, Pfizer, and Shionogi and consultation
honorarium from Eumedica, EUSA-Pharm, Gilead, Kite, Lilly, MSD, Novartis, Pfizer, and Shionogi.
C.W. reports consultant honoraria from Roche and Haemonetics as well as lecture fees von CSL,
Biotest, Haemonetics, Werfen, Roche, enicor, and novonordisk. No other potential conflict of interest
relevant to this article were reported.

References

10.

11.

12.

13.

14.

15.

WHO. World Map—COVID-19. Available online: https://covid19.who.int/ (accessed on 3 January 2022).

Roedl, K,; Jarczak, D.; Thasler, L.; Bachmann, M.; Schulte, F.; Bein, B.; Weber, C.F.; Schifer, U.; Veit, C.; Hauber, H.-P,; et al.
Mechanical ventilation and mortality among 223 critically ill patients with COVID-19—A multicentric study in Germany. Aust.
Crit. Care 2020, 34, 167-175. [CrossRef] [PubMed]

Grasselli, G.; Zangrillo, A.; Zanella, A.; Antonelli, M.; Cabrini, L.; Castelli, A.; Cereda, D.; Coluccello, A.; Foti, G,;
Fumagalli, R.; et al. Baseline Characteristics and Outcomes of 1591 Patients Infected With SARS-CoV-2 Admitted to ICUs of the
Lombardy Region, Italy. JAMA 2020, 323, 1574-1581. [CrossRef] [PubMed]

Richardson, S.; Hirsch, J.S.; Narasimhan, M.; Crawford, ] M.; McGinn, T.; Davidson, K.W.; Barnaby, D.P,; Becker, L.B.; Chelico, ].D.;
Cohen, S.L.; et al. Presenting Characteristics, Comorbidities, and Outcomes Among 5700 Patients Hospitalized With COVID-19 in
the New York City Area. JAMA 2020, 323, 2052-2059. [CrossRef]

Karagiannidis, C.; Mostert, C.; Hentschker, C.; Voshaar, T.; Malzahn, J.; Schillinger, G.; Klauber, ].; Janssens, U.; Marx, G.;
Weber-Carstens, S.; et al. Case characteristics, resource use, and outcomes of 10,021 patients with COVID-19 admitted to 920 Ger-
man hospitals: An observational study. Lancet Respir. Med. 2020, 8, 853-862. [CrossRef]

Wichmann, D.; Sperhake, J.P,; Liitgehetmann, M.; Steurer, S.; Edler, C.; Heinemann, A.; Heinrich, F.; Mushumba, H.; Kniep, I;
Schroder, A.S.; et al. Autopsy Findings and Venous Thromboembolism in Patients With COVID-19: A Prospective Cohort Study.
Ann. Intern. Med. 2020, 173, 268-277. [CrossRef]

Smilowitz, N.R.; Kunichoff, D.; Garshick, M.; Shah, B.; Pillinger, M.; Hochman, ].S.; Berger, J.S. C-reactive protein and clinical
outcomes in patients with COVID-19. Eur. Heart J. 2021, 42, 2270-2279. [CrossRef] [PubMed]

Klok, EA.; Kruip, M.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, EH.J.; van Paassen, J.; Stals, M.A.M,;
Huisman, M.V; et al. Confirmation of the high cumulative incidence of thrombotic complications in critically ill ICU patients
with COVID-19: An updated analysis. Thromb. Res. 2020, 191, 148-150. [CrossRef]

Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.;
Tzankov, A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in COVID-19. N. Engl. ]. Med. 2020, 383,
120-128. [CrossRef]

Jiménez, D.; Garcia-Sanchez, A ; Rali, P.; Muriel, A.; Bikdeli, B.; Ruiz-Artacho, P.; Le Mao, R.; Rodriguez, C.; Hunt, B.].; Monreal,
M. Incidence of VTE and Bleeding Among Hospitalized Patients with Coronavirus Disease 2019: A Systematic Review and
Meta-analysis. Chest 2021, 159, 1182-1196. [CrossRef]

Gungor, B.; Atici, A.; Baycan, O.F,; Alici, G.; Ozturk, E; Tugrul, S.; Asoglu, R.; Cevik, E.; Sahin, I.; Barman, H.A. Elevated
D-dimer levels on admission are associated with severity and increased risk of mortality in COVID-19: A systematic review and
meta-analysis. Am. J. Emerg. Med. 2021, 39, 173-179. [CrossRef]

Iba, T.; Levy, ].H.; Levi, M.; Connors, ].M.; Thachil, ]J. Coagulopathy of Coronavirus Disease 2019. Crit. Care Med. 2020, 48,
1358-1364. [CrossRef] [PubMed]

Al-Ani, E; Chehade, S.; Lazo-Langner, A. Thrombosis risk associated with COVID-19 infection. A scoping review. Thromb. Res.
2020, 192, 152-160. [CrossRef] [PubMed]

Kluge, S.; Janssens, U.; Spinner, C.D.; Pfeifer, M.; Marx, G.; Karagiannidis, C. Clinical Practice Guideline: Recommendations on
Inpatient Treatment of Patients with COVID-19. Dtsch. Arztebl. Int. 2021, 118, 375. [CrossRef]

Sadeghipour, P,; Talasaz, A.H.; Rashidi, F,; Sharif-Kashani, B.; Beigmohammadi, M.T.; Farrokhpour, M.; Sezavar, S.H.; Payande-
mehr, P; Dabbagh, A.; Moghadam, K.G.; et al. Effect of Intermediate-Dose vs Standard-Dose Prophylactic Anticoagulation on
Thrombotic Events, Extracorporeal Membrane Oxygenation Treatment, or Mortality Among Patients With COVID-19 Admitted
to the Intensive Care Unit: The INSPIRATION Randomized Clinical Trial. JAMA 2021, 325, 1620-1630. [CrossRef]


https://covid19.who.int/
http://doi.org/10.1016/j.aucc.2020.10.009
http://www.ncbi.nlm.nih.gov/pubmed/33250401
http://doi.org/10.1001/jama.2020.5394
http://www.ncbi.nlm.nih.gov/pubmed/32250385
http://doi.org/10.1001/jama.2020.6775
http://doi.org/10.1016/S2213-2600(20)30316-7
http://doi.org/10.7326/M20-2003
http://doi.org/10.1093/eurheartj/ehaa1103
http://www.ncbi.nlm.nih.gov/pubmed/33448289
http://doi.org/10.1016/j.thromres.2020.04.041
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.1016/j.chest.2020.11.005
http://doi.org/10.1016/j.ajem.2020.09.018
http://doi.org/10.1097/CCM.0000000000004458
http://www.ncbi.nlm.nih.gov/pubmed/32467443
http://doi.org/10.1016/j.thromres.2020.05.039
http://www.ncbi.nlm.nih.gov/pubmed/32485418
http://doi.org/10.3238/arztebl.m2021.0110
http://doi.org/10.1001/jama.2021.4152

Viruses 2022, 14, 811 14 of 15

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goligher, E.C.; Bradbury, C.A.; McVerry, B.].; Lawler, P.R.; Berger, J.S.; Gong, M.N.; Carrier, M.; Reynolds, H.R.; Kumar, A;
Turgeon, A.E; et al. Therapeutic Anticoagulation with Heparin in Critically Ill Patients with COVID-19. N. Engl. ]. Med. 2021, 385,
777-789. [CrossRef]

Fitzek, A.; Schédler, J.; Dietz, E.; Ron, A.; Gerling, M.; Kammal, A.L.; Lohner, L.; Falck, C.; Mobius, D.; Goebels, H.; et al.
Prospective postmortem evaluation of 735 consecutive SARS-CoV-2-associated death cases. Sci. Rep. 2021, 11, 19342. [CrossRef]
Heinrich, F.; Nentwich, M.E; Bibiza-Freiwald, E.; No6rz, D.; Roedl, K.; Christner, M.; Hoffmann, A.; Olearo, F,; Kluge, S.;
Aepfelbacher, M; et al. SARS-CoV-2 blood RNA load predicts outcome in critically ill COVID-19 patients. Open Forum Infect. Dis.
2021, 8, ofab509. [CrossRef]

Konstantinides, S.V.; Meyer, G.; Becattini, C.; Bueno, H.; Geersing, G.J.; Harjola, V.P.; Huisman, M.V.; Humbert, M.; Jennings, C.S.;
Jiménez, D.; et al. 2019 ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in
collaboration with the European Respiratory Society (ERS). Eur. Heart ]. 2020, 41, 543—603. [CrossRef]

Poor, H.D. Pulmonary Thrombosis and Thromboembolism in COVID-19. Chest 2021, 160, 1471-1480. [CrossRef]

Lax, S.E; Skok, K.; Zechner, P.; Kessler, H.H.; Kaufmann, N.; Koelblinger, C.; Vander, K.; Bargfrieder, U.; Trauner, M. Pulmonary
Arterial Thrombosis in COVID-19 With Fatal Outcome: Results from a Prospective, Single-Center, Clinicopathologic Case Series.
Ann. Intern. Med. 2020, 173, 350-361. [CrossRef]

Lewis, T.C.; Cortes, ].; Altshuler, D.; Papadopoulos, J. Venous Thromboembolism Prophylaxis: A Narrative Review with a Focus
on the High-Risk Critically Ill Patient. J. Intensive Care Med. 2019, 34, 877-888. [CrossRef]

Bilaloglu, S.; Aphinyanaphongs, Y.; Jones, S.; Iturrate, E.; Hochman, J.; Berger, J.S. Thrombosis in Hospitalized Patients with
COVID-19 in a New York City Health System. JAMA 2020, 324, 799-801. [CrossRef] [PubMed]

Bompard, E; Monnier, H.; Saab, I.; Tordjman, M.; Abdoul, H.; Fournier, L.; Sanchez, O.; Lorut, C.; Chassagnon, G.; Revel, M.-P.
Pulmonary embolism in patients with COVID-19 pneumonia. Eur. Respir. J. 2020, 56, 2001365. [CrossRef] [PubMed]

Edler, C.; Schroder, A.S.; Aepfelbacher, M.; Fitzek, A.; Heinemann, A.; Heinrich, F; Klein, A.; Langenwalder, F.; Liitgehetmann, M.;
Meifiner, K.; et al. Dying with SARS-CoV-2 infection-an autopsy study of the first consecutive 80 cases in Hamburg, Germany. Int.
J. Leg. Med. 2020, 134, 1275-1284. [CrossRef] [PubMed]

Chen, B, Jiang, C.; Han, B.; Guan, C.; Fang, G.; Yan, S.; Wang, K ; Liu, L.; Conlon, C.P; Xie, R.; et al. High prevalence of occult
thrombosis in cases of mild/moderate COVID-19. Int. ]. Infect. Dis. 2021, 104, 77-82. [CrossRef]

Minet, C.; Potton, L.; Bonadona, A.; Hamidfar-Roy, R.; Somohano, C.A.; Lugosi, M.; Cartier, ].-C.; Ferretti, G.; Schwebel, C.; Timsit,
J.-E. Venous thromboembolism in the ICU: Main characteristics, diagnosis and thromboprophylaxis. Crit. Care 2015, 19, 287.
[CrossRef]

Helms, J.; Tacquard, C.; Severac, F.; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.;
Fagot Gandet, F; et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort
study. Intensive Care Med. 2020, 46, 1089-1098. [CrossRef]

Perepu, U.S.; Chambers, I.; Wahab, A.; Ten Eyck, P.; Wu, C; Dayal, S.; Sutamtewagul, G.; Bailey, S.R.; Rosenstein, L.J.; Lentz, S.R.
Standard prophylactic versus intermediate dose enoxaparin in adults with severe COVID-19: A multi-center, open-label,
randomized controlled trial. J. Thromb. Haemost. J[TH 2021, 19, 2225-2234. [CrossRef]

Lopes, R.D.; de Barros, ESP.GM.; Furtado, RH.M.; Macedo, A.VS.,; Bronhara, B.; Damiani, L.P; Barbosa, L.M,;
de Aveiro Morata, ].; Ramacciotti, E.; de Aquino Martins, P.; et al. Therapeutic versus prophylactic anticoagulation for
patients admitted to hospital with COVID-19 and elevated D-dimer concentration (ACTION): An open-label, multicentre,
randomised, controlled trial. Lancet 2021, 397, 2253-2263. [CrossRef]

Lemos, A.C.B.; do Espirito Santo, D.A.; Salvetti, M.C.; Gilio, R.N.; Agra, L.B.; Pazin-Filho, A.; Miranda, C.H. Therapeutic versus
prophylactic anticoagulation for severe COVID-19: A randomized phase II clinical trial (HESACOVID). Thromb. Res. 2020, 196,
359-366. [CrossRef]

Spyropoulos, A.C.; Goldin, M.; Giannis, D.; Diab, W.; Wang, J.; Khanijo, S.; Mignatti, A.; Gianos, E.; Cohen, M.; Sharifova, G.; et al.
Efficacy and Safety of Therapeutic-Dose Heparin vs Standard Prophylactic or Intermediate-Dose Heparins for Thromboprophy-
laxis in High-risk Hospitalized Patients With COVID-19: The HEP-COVID Randomized Clinical Trial. JAMA Intern. Med. 2021,
181, 1612-1620. [CrossRef] [PubMed]

Zhou, E; Yu, T.; Du, R;; Fan, G,; Liu, Y,; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X,; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054-1062.
[CrossRef]

Malas, M.B.; Naazie, LN.; Elsayed, N.; Mathlouthi, A.; Marmor, R.; Clary, B. Thromboembolism risk of COVID-19 is high and
associated with a higher risk of mortality: A systematic review and meta-analysis. EClinicalMedicine 2020, 29, 100639. [CrossRef]
[PubMed]

Li, J.Y,; Wang, HL.E; Yin, P; Li, D.; Wang, D.L.; Peng, P.; Wang, W.H.; Wang, L.; Yuan, X.W.; Xie, ].Y;; et al. Clinical characteristics
and risk factors for symptomatic venous thromboembolism in hospitalized COVID-19 patients: A multicenter retrospective study.
J. Thromb. Haemost. JTH 2021, 19, 1038-1048. [CrossRef] [PubMed]

Moubhat, B.; Besutti, M.; Bouiller, K.; Grillet, F.; Monnin, C.; Ecarnot, E; Beh, J.; Capellier, G.; Soumagne, T.; Pili-Floury, S.; et al.
Elevated D-dimers and lack of anticoagulation predict PE in severe COVID-19 patients. Eur. Respir. J. 2020, 56, 2001811. [CrossRef]


http://doi.org/10.1056/NEJMoa2103417
http://doi.org/10.1038/s41598-021-98499-3
http://doi.org/10.1093/ofid/ofab509
http://doi.org/10.1093/eurheartj/ehz405
http://doi.org/10.1016/j.chest.2021.06.016
http://doi.org/10.7326/M20-2566
http://doi.org/10.1177/0885066618796486
http://doi.org/10.1001/jama.2020.13372
http://www.ncbi.nlm.nih.gov/pubmed/32702090
http://doi.org/10.1183/13993003.01365-2020
http://www.ncbi.nlm.nih.gov/pubmed/32398297
http://doi.org/10.1007/s00414-020-02317-w
http://www.ncbi.nlm.nih.gov/pubmed/32500199
http://doi.org/10.1016/j.ijid.2020.12.042
http://doi.org/10.1186/s13054-015-1003-9
http://doi.org/10.1007/s00134-020-06062-x
http://doi.org/10.1111/jth.15450
http://doi.org/10.1016/S0140-6736(21)01203-4
http://doi.org/10.1016/j.thromres.2020.09.026
http://doi.org/10.1001/jamainternmed.2021.6203
http://www.ncbi.nlm.nih.gov/pubmed/34617959
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1016/j.eclinm.2020.100639
http://www.ncbi.nlm.nih.gov/pubmed/33251499
http://doi.org/10.1111/jth.15261
http://www.ncbi.nlm.nih.gov/pubmed/33534149
http://doi.org/10.1183/13993003.01811-2020

Viruses 2022, 14, 811 15 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

Heinz, C.; Miesbach, W.; Herrmann, E.; Sonntagbauer, M.; Raimann, EJ.; Zacharowski, K.; Weber, C.F.; Adam, E.H. Greater
Fibrinolysis Resistance but No Greater Platelet Aggregation in Critically Il COVID-19 Patients. Anesthesiology 2021, 134, 457-467.
[CrossRef]

Liu, Y;; Yan, LM.; Wan, L.; Xiang, T.X.; Le, A.; Liu, ].M.; Peiris, M.; Poon, L.L.M.; Zhang, W. Viral dynamics in mild and severe
cases of COVID-19. Lancet Infect Dis. 2020, 20, 656-657. [CrossRef]

Maltezou, H.C.; Raftopoulos, V.; Vorou, R.; Papadima, K.; Mellou, K.; Spanakis, N.; Kossyvakis, A.; Gioula, G.; Exindari, M.;
Froukala, E.; et al. Association between upper respiratory tract viral load, comorbidities, disease severity and outcome of patients
with SARS-CoV-2 infection. . Infect Dis. 2021, 223, 1132-1138. [CrossRef]

Bitker, L.; Dhelft, F.; Chauvelot, L.; Frobert, E.; Folliet, L.; Mezidi, M.; Trouillet-Assant, S.; Belot, A.; Lina, B.; Wallet, F,; et al.
Protracted viral shedding and viral load are associated with ICU mortality in COVID-19 patients with acute respiratory failure.
Ann. Intensive Care 2020, 10, 167. [CrossRef]

Bermejo-Martin, J.F.; Gonzalez-Rivera, M.; Almansa, R.; Micheloud, D.; Tedim, A.P.; Dominguez-Gil, M.; Resino, S.; Martin-
Fernandez, M.; Ryan Murua, P.; Perez-Garcia, F; et al. Viral RNA load in plasma is associated with critical illness and a
dysregulated host response in COVID-19. Crit. Care 2020, 24, 691. [CrossRef]

Hagman, K.; Hedenstierna, M.; Gille-Johnson, P.; Hammas, B.; Grabbe, M.; Dillner, J.; Ursing, J. Severe Acute Respiratory
Syndrome Coronavirus 2 RNA in Serum as Predictor of Severe Outcome in Coronavirus Disease 2019: A Retrospective Cohort
Study. Clin. Infect. Dis. 2020, 73, €2995-e3001. [CrossRef] [PubMed]

Fajnzylber, J.; Regan, J.; Coxen, K.; Corry, H.; Wong, C.; Rosenthal, A.; Worrall, D.; Giguel, F,; Piechocka-Trocha, A.; Atyeo, C.; et al.
SARS-CoV-2 viral load is associated with increased disease severity and mortality. Nat. Commun. 2020, 11, 5493. [CrossRef]
[PubMed]

Ghandili, S.; Pfefferle, S.; Roedl, K.; Sonnemann, P.; Karagiannis, P.; Boenisch, O.; Kluge, S.; Schmiedel, S.; Ittrich, H;
Rohde, H,; et al. Challenges in treatment of patients with acute leukemia and COVID-19: A series of 12 patients. Blood Adv. 2020,
4,5936-5941. [CrossRef] [PubMed]

Roedl, K.; Heidenreich, S.; Pfefferle, S.; Jarczak, D.; Urbanowicz, T.T.; Norz, D.; Aepfelbacher, M.; Kroger, N.; Kluge, S.;
Lutgehetmann, M.; et al. Viral Dynamics of SARS-CoV-2 in Critically Il Allogeneic Hematopoietic Stem Cell Transplant
Recipients and Immunocompetent Patients with COVID-19. Am. J. Respir. Crit. Care Med. 2021, 203, 242-245. [CrossRef]


http://doi.org/10.1097/ALN.0000000000003685
http://doi.org/10.1016/S1473-3099(20)30232-2
http://doi.org/10.1093/infdis/jiaa804
http://doi.org/10.1186/s13613-020-00783-4
http://doi.org/10.1186/s13054-020-03398-0
http://doi.org/10.1093/cid/ciaa1285
http://www.ncbi.nlm.nih.gov/pubmed/32856036
http://doi.org/10.1038/s41467-020-19057-5
http://www.ncbi.nlm.nih.gov/pubmed/33127906
http://doi.org/10.1182/bloodadvances.2020002543
http://www.ncbi.nlm.nih.gov/pubmed/33275765
http://doi.org/10.1164/rccm.202009-3386LE

	Introduction 
	Materials and Methods 
	Study Design and Setting 
	Study Cohorts 
	Postmortem Cohorts 
	Ante Mortem Cohort 
	Anticoagulation Regimes 
	Statistical Analysis 


	Result 
	Study Population 
	Postmortem Prevalence of VTE in Consecutive COVID-19 Decedents Compared to Non-COVID-19 Decedents 
	Effect of Local Guideline Changes on Anticoagulant Therapy 
	Ante Mortem Clinical Incidence, the Likelihood of Death, and the Effect of Anticoagulant Regimens on the Occurrence of VTE in Consecutive Critically Ill COVID-19 Patients Admitted to an ICU 

	Discussion 
	Conclusions 
	References

