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Abstract

Background: Sources of heterogeneity in venous thromboembolism (VTE) risk in

COVID-19 are unclear and comparisons to other viruses are lacking.

Objectives: To describe VTE risk in patients with COVID-19, explore sources of het-

erogeneity, and make comparisons with other viral pneumonia.

Methods: PubMed and Embase data were searched on March 14, 2021, for studies on

VTE in adults hospitalized with viral pneumonia. VTE risk estimates were pooled in a

random effects meta-analysis stratified by virus type. Heterogeneity in COVID-19 was

explored in multivariable meta-regression.

Results: Seventy studies in COVID-19 (intensive care [ICU] [47] vs ward [23]), 4 studies

in seasonal influenza (ICU [3] vs ward [1]), 2 ICU studies in H1N1 and 1 ICU study in

SARS-CoV-1 were included. For COVID-19 ICU, pooled VTE risk was 19.6% (95%

confidence interval [CI], 16.2%–23.5; I2 = 92.8%) for nonscreening studies and 30.0%

(95% CI, 17.9%–45.7%; I2 = 81.9%) for screening studies. For COVID-19 ward, pooled

VTE risk was 3.4% (95% CI, 2.4%–4.7%; I2 = 91.3%) and 22.5% (95% CI, 10.2%–42.7%;

I2 = 91.6%) for nonscreening and screening studies, respectively. Higher sample size

was associated with lower VTE risk. Pooled VTE risk in seasonal influenza and H1N1 at

ICU were 9.0% (95% CI, 5.6%–14.2%; I2 = 39.7%) and 29.2% (95% CI, 8.7%–64.2%; I2 =

77.9%), respectively. At ward, VTE risk of seasonal influenza was 2.4% (95% CI, 2.1%–

2.7%). In SARS-CoV-1, VTE risk was 47.8% (95% CI, 34.0–62.0).

Conclusion: Pooled risk estimates in COVID-19 should be interpreted cautiously as a

high degree of heterogeneity is present, which hinders comparison to other viral

pneumonia. The association of VTE risk in COVID-19 to sample size suggests publi-

cation bias.
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Essentials

• Reported venous thromboembolism risk estimates in COVID-19 are highly heterogeneous.

• Furthermore, comparisons to other types of viral pneumonia are lacking.

• In COVID-19, higher sample size was associated with lower venous thromboembolism risk, suggesting publication bias.

• Heterogeneity in pooled risk estimates in COVID-19 hinders comparison to other viral pneumonia.
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1 | INTRODUCTION

In recent years, infections have been recognized as a risk factor for

venous thromboembolism (VTE). This has become a pressing issue

because of the COVID-19 pandemic [1,2]. Early in the pandemic, Tang

et al. [3] reported coagulation abnormalities at admission among

nonsurvivors compared with survivors of COVID-19. This was rapidly

followed by reports showing an increased risk of thrombotic compli-

cations in patients hospitalized with COVID-19 with incidences up to

30% in intensive care unit (ICU) patients [4–6].

Whether this coagulopathy is a distinct pathologic feature of

COVID-19, or a manifestation of “thrombo-inflammation” found in

other viral infections, is not clear. Severe COVID-19 infection has

been associated with a “cytokine storm,” a maladaptive and excessive

immune response, with high mortality rates [7]. However, the speci-

ficity of this “cytokine storm” to the pathophysiology of COVID-19 has

been debated, as the circulating cytokine levels in critically ill patients

with COVID-19 were low or similar compared with other patients

with acute respiratory distress syndrome [8,9]. Furthermore, hyper-

production of inflammatory cytokines has not only been described for

emerging acute respiratory infections, such as severe acute respira-

tory syndrome (SARS), Middle East respiratory syndrome, pandemic

H1N1, and avian H5N7 influenza, but also to a lesser extent for

seasonal influenza [10]. Indeed, high rates of thrombotic complications

have been observed in patients hospitalized with SARS [11,12] and

H1N1 [13,14].

Since the first notion of a high rate of VTE among hospitalized

patients with COVID-19, numerous articles have been published

describing this risk in different cohorts. Multiple systematic reviews

and meta-analyses were undertaken in an effort to summarize this

data [15–18]. In these meta-analyses, it became clear that the re-

ported risks vary widely among studies. However, until now minimal

efforts have been made to specify the sources of heterogeneity.

Heterogeneity in its broadest sense may refer to clinical diversity

(eg, patient characteristics), methodological diversity (ie, study design)

and statistical heterogeneity [19]. The latter is present if observed

outcomes differ more than could expected by chance alone, and is

likely a consequence of clinical and/or methodological diversity. Un-

derstanding the sources of heterogeneity among studies on VTE risk

in COVID-19 is pivotal, as therapeutic consequences have been

imposed on these findings. Any unrecognized between-study hetero-

geneity due to methodological shortcomings is problematic. Further-

more, one should be cautious of publications bias as centers observing
spuriously high rates of VTE are more likely to publish their findings

than the centers which do not. Available data would then not be

representative of the “true” VTE risk.

Considering the above, we will focus on 2 aims in this systematic

review. First, we will describe the risk for VTE in patients hospitalized

with COVID-19 and explore the sources of heterogeneity in reported

risk estimates. Second, we will compare the risk of VTE in hospitalized

patients with COVID-19 to patients hospitalized with other types of

viral pneumonia.
2 | METHODS

In accordance with the Preferred Items for Systematic Reviews and Meta-

Analyses guidelines, the study protocol was registered with the Inter-

national Prospective Register of Systematic Reviews (PROSPERO)

(CRD42020192597). This systematic review and meta-analysis is re-

ported according to the Preferred Items for Systematic Reviews and

Meta-Analyses guidelines [20].
2.1 | Eligibility criteria

We conducted a systematic review of studies reporting on the risk of

VTE in adult inpatients hospitalized with a diagnosis of any viral

pneumonia identified from medical records or diagnostic codes.

Diagnosis of viral pneumonia needed to be confirmed by virologic

diagnostics (ie, polymerase chain reaction, antigen tests, viral culture,

serologic tests) or suspected by a clinician. Peer-reviewed cohort

studies were considered for inclusion. The outcome of interest was

VTE, namely deep vein thrombosis (DVT), pulmonary embolism (PE)

and other, as provided by medical report data or registration codes

(eg, International Classification of Diseases codes).

Studies with a cross-sectional design, including populations

restricted to specific diseasesorbaseline characteristics (eg, patientswith

cancer, liver disease, or obesity), that did not report on VTE risk

throughout complete hospital stay (eg, VTE risk within certain days of

admission) andautopsy studieswereexcluded. Furthermore, studieswith

<20 participants were excluded because we assumed that these studies

were likely to be of insufficient data quality. Inclusion of these studies

would be problematic when pooling risk estimates in a random-effects

model (see Data analysis), as weighting is less driven by sample size [21].
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2.2 | Information sources and search strategy

A comprehensive systematic search was conducted in PubMed and

Embase with consultation of a medical librarian from the medical

faculty of the University of Groningen. A first search was performed

from inception to August 18, 2020. Because of the rapid publication of

new reports at the end of the first wave of COVID-19, we performed

an updated search on March 14, 2021. A filter for the English language

was used. Data-management and de-duplication was executed using

software tools Rayyan [22] and Mendeley (version v1.19.6).

MeSH terms and synonyms for “viral pneumonia,” including

search terms for viruses causing lower respiratory tract infections,

and VTE were combined. A detailed description of the search strategy

is provided in the Supplementary Methods. Gray literature was not

included.
2.3 | Selection strategy

Two authors (S.B. and C.C.) independently screened titles, abstracts, and

full-text publications. In case of any discrepancies in title and abstract

evaluation, a record was included in full-text evaluation. Any discrep-

ancies in full-text evaluation were solved with a third author (K.M.). All

full-text articleswere checked for overlap in includedpopulations. In case

of a complete overlap, the study with the largest number of participants

was included. In case of partial overlap, all studies were kept in the data

synthesis andanalysis. Thereafter,weperformeda sensitivity analyses by

including the largest studies of the partially overlapping ones, as

described more in detail later (see Data synthesis and analysis).
2.4 | Data collection process

Data were independently extracted by 2 reviewers (S.B. and C.C.) by a

standardized case report form. Again, in case of any discrepancies, a

third author (K.M.) was consulted to resolve this. We extracted the

following data: study design (retrospective vs prospective), sample

size, number of patient admitted to the ICU and/or ward, average age,

sex, number of deceased patients, number of patients on mechanical

ventilation, follow-up duration, date of publication, journal impact

factor, region, whether screening was performed, the type of outcome

presented (DVT, PE, or other), number of VTE events, and the number

of patients at risk (ie, sample size). Any missing data in the afore-

mentioned variables were requested from the authors and were used

in data synthesis and analysis if provided.
2.5 | Risk of bias assessment

Risk of bias was independently assessed by 2 reviewers (S.B. and C.C.)

using a modified version of the Newcastle Ottawa Scale [23]. We

assessed the following items: 1) representativeness of the cohort, 2)

ascertainment of exposure, 3) demonstration that the outcome of
interest was not present at study initiation, 4) assessment of the

outcome, 5) duration of follow-up and 6) adequacy of follow-up. In the

end, each article was marked on a scale from 0 to 6. An example of the

score form is provided in the Supplementary Methods.
2.6 | Data synthesis

A difficulty arose from the pooling of risk measures by differentmethods

that were used to estimate the risk of VTE in the original studies. There

were studies that provided the sample size, ie, the number ofVTE divided

by the number of patients at risk and studies that performed survival

analysis to determine the cumulative incidence of VTE.

These 2 methods were applied erroneously in a few studies. The

following was considered problematic: a) >10% incomplete observa-

tions regarding the outcome in-hospital VTE in a number of events

divided by patients at risk analysis and b) >10% discharged or

deceased patients in survival analysis, that were not handled as

competing risks, resulting in incorrectly inflated cumulative incidence

estimates [24]. The latter is problematic, as discharge or death result

in incomplete observation regarding the outcome in-hospital VTE. This

concerned 5 [25–29] and 3 studies [4,6,30], respectively. These

studies were excluded from the primary analysis.

To harmonize outcome estimates, we pooled number of events

divided by number of patients at risk for all studies.We tested sensitivity

of our findings by including the aforementioned 8 studies with number of

events divided by the number of patients at risk approach. Subsequently,

outcomes for still admitted patients were imputed as following: 1)

assuming that still admitted patients had a similar VTE risk as discharged

and deceased patients and 2) assuming that still admitted patients have a

VTE risk twice as high as discharged and deceased patients.
2.7 | Data analysis

2.7.1 | Meta-analysis

Risk estimates for VTE were pooled in a random-effects model stratified

by virus type and setting. Parameter estimation was done by restricted

maximum-likelihood estimation. To meet the assumption of a normal

distribution of the outcome data, the incidences were logit-transformed.

Setting was categorized as ICU or ward. According to the World

Health Organization (WHO) COVID-19 guidance, study cohorts with

patients admitted to the ICU or referred to as critically ill were

categorized as ICU studies. Studies comprising patients admitted to

either the general ward or referred to as noncritically ill were cate-

gorized as ward studies [31]. If risk estimates were not stratified by

setting and <5% of the cohort consisted of either patients admitted to

the ICU or ward, a cohort was categorized as ICU or ward, respec-

tively. Cohorts in which risk estimates were not stratified by ICU and

ward patients were categorized as “mixed.” Mixed cohorts were not

analyzed. Analysis of these studies was considered futile, as distri-

bution of ICU and ward patients was not reported in most instances.



F I GUR E 1 Flow chart of study selection.
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Study design was categorized as retrospective and prospective. Pro-

spectivewasdefinedasdata collectiononVTEwasprospectively collected

upon study enrolment. Retrospective was defined as data collection on

VTE after study enrolment (eg, data collection from medical reports).

Some studies did not present anoverall risk ofVTE, but risk stratified

by a certain baseline characteristic. Risk of VTE in these studies was

aggregated by calculating weighted averages for continuous variables

and the sum of categorized variables. Studies stratifying results by

thromboprophylaxis regimen were aggregated accordingly, as most

studies did not present results stratified based on this characteristic.
2.7.2 | Meta-regression

We performed post-hoc meta-regression with logit-transformed risk

estimates in studies reporting COVID-19 to explain the observed

heterogeneity. During the conduct of this study, quite a large number

of systematic reviews had been published on the VTE risk in patients

with COVID-19. These reviews also reported high heterogeneity, but

thorough analyses explaining this heterogeneity were mostly lacking.
The used predictor variables were the clinical and methodological

variables described in the section Data collection process, and square-

rooted sample size of the original studies. Sample size was square-

rooted to approach a normal distribution. The variable region was

divided into Asian and non-Asian, as VTE incidence is lower in Asia [32].

The type of VTE reported in each study was categorized as PE only, DVT

only, PEandDVTonly and including otherVTE (eg, portal vein thrombosis

or cerebral vein thrombosis). Thedateofpublicationwas transformed into

a numerical value by subtracting 1-1-2020 from the date of publication.

First, we analyzed all pre-specified predictors univariably. Sub-

sequently, a multivariable model was constructed in a stepwise

fashion, because of the limited degrees of freedom. For the final

models, we aimed to construct models on a foundation of >80% of the

included studies per stratum. Variables were entered into the model

based on a pre-specified hierarchy on plausibility to influence the

outcome, effect size of the regression coefficient, and amount of

missing data. The outcome measure was the regression coefficient

with a 95% CI. The remaining I2 is presented, as a measure of

remaining variability in the data, which is attributed to between-study

heterogeneity that cannot be explained by the predictor variables.
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N studies Events / Total

1621 / 11511
1621 / 11511

70 / 883
19 / 56
22 / 46
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3
2
1

24

24

1

5

5

5

5

521 / 18208

521 / 18208

297 / 12412

76 / 286

76 / 286

82 / 439

82 / 439

F I GUR E 3 Overview of pooled venous thromboembolism risk estimates for each virus stratified by setting and implementation of screening.
*only 1 study was included.
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Two additional sensitivity analyses were performed. In the main

analysis, studies reporting zero events were excluded. Therefore, the

main analysis was repeated with continuity correction of 1 event to all

studies. Second, we repeated the main analysis by excluding studies

with partially overlapping study populations. Studies with the largest

sample size were kept in this analysis.

Baseline characteristics are reported as numbers and percent-

ages, mean and SD, or median and IQR. All analyses were performed

in R version 4.1.2 (R Core Team, Vienna, Austria) with packages

“dmetar,” “metafor,” and “ggplot2.”
2.8 | Role of the funding source

None.
3 | RESULTS

3.1 | Search results

After deduplication, 7,914 and 4,880 records were identified by the

first and updated literature search, respectively (Figure 1).

Combined, 12,240 records were excluded during title and
abstract screening, leaving 554 full-text articles for eligibility

assessment. A further 436 articles were excluded, mainly because of

the inclusion of a selected patient population (eg, population

confined to patients with cancer or liver disease), not having VTE as

outcome, duplicates of cohorts and inclusion of outpatients. Even-

tually, 115 articles were included in this review (Figure 1)

[4,6,12–14,25–28,33–136].
3.2 | Characteristics of the included studies

Of the included 115 articles, 105 reported on COVID-19

[4,6,25–30,38–66,69–136], 5 reported on seasonal influenza (type A

and B) [35,37,50,59,119], 4 reported on H1N1 influenza (ie, “swine”

flu) [13,14,33,34]. One reported on SARS-CoV-1 [12] and 3 on viral

pneumonia not specified [36–38]. Within COVID-19 studies, the ma-

jority concerned retrospective cohort studies (n = 85) [3,4,

6,15,24,26–30,38–40,42–46,48,49,50–53,55–57,59,60,63–65,67–70,

72–87,92,94,96,97,99–113,115,116,119–128,131,132,134,135], fol-

lowed by prospective cohort studies (n = 20) [41,47,58,61,

62,66,88,89,93,95,98,114,117,118,129,130,133,136]. Studies con-

cerning the other viruses were all retrospective cohort studies

[13,14,33–38,50,59,119].



TA B L E 1 Study-level baseline characteristics.

Variables COVID-19 Seasonal influenza H1N1 SARS-CoV-1

ICU N Ward N ICU N Ward N ICU N ICU N

Articles, (n) 47 23 3 1 2 1

Total patients 11,797 17,838 883 12,412 56 46

Patients, (n) 66 (40 – 132) 277 (78 – 594) 40 (39 – 423) 12,412 (NA) 28 (24 – 32) 46 (NA)

Average age (y), median (IQR) 62.8 (60.7 – 64.1) 39 67.5 (65.5 – 71.2) 18 61 (NA) 1 NA 0 37.8 (36.9 – 38.6) 2 51 (NA) 1

Females (%), median (IQR) 27.0 (25.1 – 38.0) 38 42.3 (37.2 – 46.5) 19 47.4 (NA) 1 NA 0 46.4 (37.1 – 55.7) 2 47.8 (NA) 1

Region, n (%)

Asian 3 (6.4) 47 1 (4.4) 23 0 3 0 1 0 (0) 2 0 (0) 1

Non-Asian 44 (93.6) 22 (95.7) 3 (100) 1 (100) 2 (100) 1 (100)

Mortality (%), median (IQR) 28.1 (20.5 – 41.9) 34 9.7 (5.2 – 14.8) 18 26.4 (23.8 – 29.0) 2 6.2 (NA) 1 33.1 (31.5 – 34.5) 2 52.2 (NA) 1

Mechanical ventilation (%), median (IQR) 81.4 (62.6 – 92.6) 27 - - 42.5 (NA) 1 - - 85.0 (77.5 – 92.5) 2 87.0 (NA)

Outcome reported, n (%)

PE and DVT 15 (31.9) 47 11 (47.9) 23 2 (66.7) 3 0 1 1 (50) 2 1 (100) 1

PE 8 (17.0) 1 (4.4) 0 0 0 0

DVT 0 (0.0) 2 (8.7) 0 0 0 0

Other included 17 (36.2) 5 (21.7) 0 0 1 (50) 0

Not defined 7 (14.9) 4 (17.4) 1 (33.3) 1 (100) 0 0

Screening, n (%)

No 42 (89.4) 47 18 (78.3) 23 3 (100) 3 1 (100) 1 2 (100) 2 1 (100) 1

Yes 5 (10.6) 5 (21.7) 0 (0) 0 (0) 0 (0) 0

Design, n (%)

Retrospective 35 (74.5) 47 19 (82.6) 23 3 (100) 3 1 (100) 1 2 (100) 2 1 (100) 1

Prospective 12 (25.5) 4 (17.4) 0 (0) 0 (0) 0 (0) 0

Duration of admission (d), median (IQR) 21 (17.3 – 28.3) 28 11 (6.5 – 17.3) 15 NA 0 NA 0 15 (NA) 1 91 (NA) 1

Abbreviations: DVT, deep vein thrombosis; ICU, intensive care unit; N, number of studies in which variable is reported; PE, pulmonary embolism.

Pooled baseline characteristics of studies included in the main analysis with continuous variables presented as median with an IQR and discrete variables as numbers with a proportion.
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TA B L E 2 Univariable and multivariable meta-regression in patients with COVID-19 at the ICU with sample size as predictor variable.

Univariable Multivariable

Model 1b Model 2c

Variable ß (95% CI) P value Ka β (95% CI) P value β (95% CI) P value

Average age, (y) -0.0092 (-0.068; 0.050) .76 39 -0.0047 (-0.058; 0.049) .86

Date of publication, (d)d -0.0018 (-0.0034; -0.0002) .030 47 -0.0014 (-0.0030; 0.0001) .074 -0.0011 (-0.0026; 0.0004) .14

Impact factor -0.0034 (-0.043; 0.036) .87 47

ROBe 0.13 (-0.039; 0.31) .13 47

Region

Asian ref ref ref

Non-Asian 0.52 (-0.42; 1.47) .27 47 0.41 (-0.41; 1.23) .33 0.36 (-0.47; 1.20) .40

Female (%) -1.20 (-3.27; 0.87) .26 38

Mortality (%) -0.97 (-2.67; 0.73) .26 34

Mechanical ventilation (%) 0.71 (-0.57; 1.99) .28 27

Screening

No ref .13 ref ref

Yes 0.56 (-0.16; 1.28) 47 -0.019 (-0.70; 0.66) .96 0.077 (-0.62; 0.77) .83

Median duration of admission (days) 0.017 (-0.0011; 0.035) .066 28

Outcome reported

PE and DVT ref

PE 0.15 (-0.52; 0.81) .67 47

DVT - -

Other included 0.36 (-0.17; 0.90) .18

Not defined 0.024 (-0.68; 0.73) .95

Sample size, nf -0.28 (-0.45; -0.11) .0012 47 -0.24 (-0.42; -0.050) .013 -0.29 (-0.45; -0.13) .0006

Design

Retrospective ref ref ref

Prospective 0.39 (-0.11; 0.89) .12 47 0.42 (-0.087; 0.94) .10 0.43 (-0.053; 0.91) .081

Abbreviations: DVT, deep vein thrombosis; FU, follow-up; PE, pulmonary embolism; ROB, risk of bias.

Risk estimates for venous thromboembolism were logit-transformed to meet the assumption of linearity.
anumber of studies included.
b39 studies included.
c47 studies included.
dtransformed to numeric variable by subtracting 1-1-2020 from date of publication.
eper unit increase.
fper square-rooted(sample size increase) of 10 patients.
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TA B L E 3 Univariable and multivariable meta-regression in patients with COVID-19 at the ward with sample size as predictor variable.

Univariable Multivariable

Model 1b Model 2c

Variable β (95% CI) P value Ka β (95% CI) P value β (95% CI) P value

Average age, (y) 0.075 (0.015; 0.14) .014 18 0.11 (0.029; 0.20) .0085 0.088 (0.013; 0.16) .022

Date of publication, (d)d -0.0029 (-0.0084; 0.0026) .31 23

Impact factor -0.064 (-0.17; 0.047) .26 23

ROBe -0.27 (-0.84; 0.31) .37 23

Region

Asian ref ref ref

Non-Asian 0.92 (-1.60; 3.43) .48 23 -2.32 (-4.51; -0.13) .038 -1.84 (-4.40; 0.71) .16

Female (%) -1.83 (-7.87; 4.20) .55 19 -10.99 (-18.32; -3.65) .0033 -3.36 (-8.28; 1.56) .18

Mortality (%) 7.00 (-3.44; 17.43) .19 18 4.077 (-8.40; 16.55) .52

Screening

No ref ref ref

Yes 2.13 (1.30; 2.96) <.0001 23 1.10 (0.054; 2.15) .039 1.36 (0.30; 2.42) .012

Median duration of admission (d) 0.020 (-0.045; 0.086) .54 15

Outcome reported 23

PE and DVT ref

PE -1.51 (-3.80; 0.79) .20

DVT 0.77 (-0.99; 2.53) .39

Other included -1.17 (-2.41; 0.077) .066

Not defined -1.20 (-2.54; 0.15) .081

Sample size, nf -0.31 (-0.56; -0.054) .017 23 -0.43 (-0.79; -0.067) .020 -0.41 (-0.84; 0.024) .064

Design

Retrospective ref

Prospective 0.44 (-0.93; 1.80) .53 23

Abbreviations: DVT, deep vein thrombosis; FU, follow-up; PE, pulmonary embolism; ROB, risk of bias.

Risk estimates for venous thromboembolism were logit-transformed to meet the assumption of linearity.
anumber of studies included.
b14 studies included.
c17 studies included.
dtransformed to numeric variable by subtracting 1-1-2020 from date of publication.
eper unit increase.
fper square-rooted (sample size) increase of 10 patients.
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Regarding study setting, most COVID-19 articles concerned

ICU patients (n = 53) [4,6,25,26,27,29,30,40,42,43,46,48–50,52,54,55,

57–59,62–66,68,69,73,76,79,83,86,88,93,94,97,98,104,106,108,113,

114,116,119,121,123,124,126,130,132,133,135,136] followed by a

mix of ICU and ward patients (n = 38) [3,38,41,44,45,47,56,61,67,

70,75,77,78,80,84,85,90,92,95,96,99,101–103,105,107,109–112,120,

122,125,127–129,131,134], and ward patients only (n = 27)

[6,25–27,40,43,49,51–53,57,59,64,65,69,71–74,86,89,93,94,100,115–

117]. In 6 COVID-19 articles, study setting was unclear [39,59,

60,81,87,118] In articles reporting on seasonal influenza, 3 concerned

ICU patients [35,50,119], 1 related to ward patients [35]. In 2 seasonal

influenza articles setting was unclear, as these concerned population-

based registry studies [37,59]. Regarding articles on H1N1 influenza, 2

included ICU patients [14,33] and in 2 a mix of ICU and ward patients

[13,34]. The sole study on SARS-CoV-1 included ICU patients [12].

Articles concerning viral pneumonia not specified reported either on a

mix of ward and ICU patients [36,38] or were in an unclear setting [37].

In 14 COVID-19 articles, a screening strategy for DVT

was implemented [27,54,62,71,72,74,88,92,95,100,113,114,117,130],

Definitions used for VTE varied from articles reporting on PE

only [34,39,44,60,61,66,70,76,81,83,93,103,104,107,109,118,123,126,

127,129,133,134] or DVT only [54,56,72,90] to a combination of both

[6,12–14,27,28,37,46–51,53,55,57–59,67–69,71,73,74,77,80,82,85,87,

89,99,100,106,108,116,117,119,124,128,25,131,132] or other VTE

included [6,29,30,38,98,105,113–116,120–122,125,136] (eg, mesen-

teric or cerebral vein thrombosis). In 15 articles, the definition of VTE

was unclear [35–37,41,43,52,59,65,75,78,86,91,92,101,102,110–112,

130,135]. An overview of individual study characteristics is provided in

Supplementary Table S1.
3.3 | Quality assessment

Overall, study quality was mediocre with median 3 (IQR, 3–4) stars

awarded (Supplementary Table S2) according to a modified version of

theNewcastleOttowaScale. In 66 out of 115papers 3 or less starswere

awarded [12–14,29,30,33,36,38,39,43,45,46,48–51,53–55,59–62,

65–67,72,74–76,78–81,85,86,92,93,96,100,101,103,105–109,111,113,

119–121,124,126–128,130,131,34,133–135]. Main concerns were that

it could not be assured that all participants were free of the outcome of

interest at study entry (111[97%]), assessment of the outcome was not

clear (56(49%)) and follow-upwas poorly described (71[62%]). A detailed

overview of risk of bias assessment is provided in Supplementary

Table S2.
3.4 | Study characteristics

Study characteristics are provided in Table 1. As explained in the

methods, only studies presenting VTE risk stratified by setting (ICU vs

ward) are included in the analysis. Various baseline characteristics

were missing in a notable number of studies. Patients with COVID-19
and seasonal influenza were roughly of similar age, whereas patients

with SARS-CoV-1 and H1N1 were younger. Other characteristics

(including mechanical ventilation and sex distribution) were difficult to

compare, because of missing data in up to 20% of studies.
3.5 | Analysis within COVID-19 studies

Forest plots summarizing found VTE risks are presented in

Supplementary Figures S1–S4.
3.6 | Meta-analysis VTE risk estimates

For ICU patients, random-effects pooled VTE risk was 19.6% (95% CI,

16.2%–23.5%; I2 = 92.8%) for nonscreening studies and 30.0% (95%

CI, 17.9%–45.7%; I2 = 81.9%) for screening studies (Supplementary

Figures S1 and S2). Pooled estimates were similar in sensitivity ana-

lyses (Supplementary Table S3). The point estimates for VTE risk

varied from 19.2% to 20.1% for nonscreening studies and from 24.9%

to 30.0% for screening studies.

For the ward patients, pooled VTE risk was 3.4% (95% CI, 2.4%–

4.7%; I2 = 91.3%) and 22.5% (95% CI, 10.2%–42.7%; I2 = 91.6%) for

nonscreening and screening studies, respectively (Supplementary

Figures S3 and S4). In these sensitivity analyses, the VTE risk was

consistent with the risk found in the main analysis. This pooled esti-

mate was similar in sensitivity analyses too (Supplementary Table S4).

The point estimates for VTE risk varied from 3.4% to 3.5% for non-

screening studies and from 17.7% to 24.4% in screening studies.
3.7 | Meta-regression VTE risk in COVID-19

Results of the analyses exploring heterogeneity are presented in

Tables 2 and 3 stratified by hospital setting (ward and ICU). Again,

meta-regression was performed with logit-transformed risk

estimates.
3.7.1 | ICU studies

In univariable analyses, studies with an earlier date of publication (β=

-0.0018 [95% CI, -0.0034; -0.002] per day later), longer hospital

admission (β = 0.017 [95% CI, -0.0011; -0.035] per day longer) and

smaller sample sizes (β = -0.28 [95% CI, -0.45; -0.11] per square-

rooted sample size of 10 patients more) were associated with a

higher VTE risk. In multivariable analyses mechanical ventilation,

mortality, sex, median duration of admission, risk of bias, impact fac-

tor, and outcome definition were not included, because of either

missing data or assumed limited effect based on the univariable

analysis. Multivariable analyses showed that smaller sample size

(model 1: β = -0.24 [95% CI, -0.42; -0.050] and model 2: β = -0.29 [95%
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CI, -0.45; -0.13] per square-rooted sample size of 10 patients more)

was independently associated with a higher VTE risk. Final models are

presented in Table 2. Remaining I2 was 85.2% and 80.0% in multi-

variable model 1 and 2, respectively.
3.7.2 | Ward studies

In univariable analyses, a higher average age (β = 0.075 [95% CI,

0.015; 0.14] per year), presence of VTE screening strategies (β = 2.13

[95% CI, 1.30; 2.96]), and smaller sample size (ß = -0.31 [95% CI

–0.56; -0.054] per square-rooted sample size of 10 patients more),

were associated with a higher VTE risk. Again, median duration of

admission, sex, risk of bias, date of publication, impact factor, design,

and outcome definition were left out of the multivariable analysis,

because of missing data and assumed limited effect based on the

univariable analysis. Similar to ICU studies, multivariable models

showed that smaller sample size (model 1: β= -0.43 [95% CI, -0.79;

-0.067] and model 2: β = -0.41 [95% CI, -0.84; -0.024] per square-

rooted sample size of 10 patients more) was independently associ-

ated with a higher VTE risk. Final models are presented in Table 3.

Remaining I2 was 87.3% and 77.3% in multivariable model 1 and 2,

respectively.

A summary of the association between sample size and VTE risk is

presented in Figure 2 for univariable and multivariable analyses. A

lower sample size was associated with a higher VTE risk estimate.
3.8 | Sensitivity analyses

3.8.1 | ICU studies

Findings of the sensitivity analyses correcting for incorrect censoring

showed similar results as described above (Supplementary Tables S5

and S7). The same was the case when a continuity correction of +1
was applied to the main analysis (Supplementary Table S9) and to the

analysis correcting for incorrect censoring (Supplementary Tables S11

and S13). When we repeated the main analysis with exclusion of

overlapping cohorts, the effect of sample size on VTE risk was higher

(model 1: -0.94 [95% CI, -1.60; -0.26], model 2: -0.54 [95% CI, -0.54;

-0.28]) (Supplementary Table S15).
3.8.2 | Ward studies

In this stratum, sensitivity analysis for incorrect censoring

(Supplementary Tables S6 and S8) and continuity correction

(Supplementary Tables S10, S12 and S14) showed similar correction

compared to the main analysis too. Estimates for sample size were

somewhat different when excluding overlapping cohorts (model 1:

-0.23 [95% CI -0.88; 0.42], model 2: -0.58 [95% CI -1.30; 0.19]).
3.9 | Comparison of VTE risk estimates in COVID-

19 to other viruses

As the meta-regression exploring heterogeneity in VTE risk estimates

within COVID-19 revealed an association between sample size and

VTE risk, we also determined pooled risk estimates in a fixed-effects

model. By doing so, the contribution of small studies reporting

spuriously high VTE risks to the pooled risk estimate is less prominent

than in a random-effects model. Furthermore, pooled VTE risk for ICU

patients with seasonal influenza (9.0% [95% CI, 5.6%–14.2%],

I2=39.7%) and H1N1 (29.1% [95% CI, 3.7%–81.4%], I2=77.9%) were

determined. Only one study provided a VTE risk for influenza patients

admitted to the ward, 2.4% (95% CI, 2.1%–2.7%) and for SARS-CoV-1

patients at the ICU, 47.8% (95% CI, 34.0%–62.0%), Pooled estimates

are shown in Figure 3. Forest plots of the meta-analyses per virus type

are shown in Supplementary Figures S1–S6.
4 | DISCUSSION

In the current systematic review and meta-analysis, we found a higher

risk of VTE in patients admitted to critical care with COVID than

among those admitted to the ward in studies that did not perform

screening. On the other hand, VTE risk seemed to be similar between

patients admitted to the ICU or ward when screening was applied.

Meta-regression showed evidence of publication bias, as sample size

was strongly associated with VTE risk. Our findings suggest that

spurious reports of a high VTE risk, originating from small studies,

were more likely to be published than small studies with a low VTE

risk. However, a considerable amount of unexplained heterogeneity

was still present after fitting multivariable meta-regression models.

Clinical diversity, resulting from different patient selection, could not

be explored properly as the source of heterogeneity, because report

of variables reflecting this (eg, age, mortality, thromboprophylaxis

regime, and duration of hospital admission) were insufficiently re-

ported. Pooled estimates for COVID-19 seemed to be higher than for

seasonal influenza. H1N1 influenza and SARS-CoV-1 might be asso-

ciated with a risk of VTE comparable to COVID-19. However, these

comparisons should be interpreted very cautiously, as risk estimates

varied widely, available data on other viruses than COVID-19 were

sparse, and profound differences in patient selection and methodol-

ogy, including definition of VTE, were present.

Our findings regarding the risks dependent on disease severity

and statistical heterogeneity were generally in line with other meta-

analyses. Indeed, other literature has also suggested study quality

and sample size explaining heterogeneity. Longchamp et al. [137]

found in subgroup analyses that a lower VTE risk was present in high

quality studies. In addition, Mansory et al. [138] and Tan et al. [17]

showed in their meta-regression that a larger sample size was asso-

ciated with a lower VTE risk. In the current analysis, we attempted to

explain heterogeneity more broadly by not only performing multi-

variable meta-regression but also by harmonizing VTE risk estimates
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by excluding studies with insufficiently complete data and inflated

VTE risk estimates due to incorrect use of survival analysis. Specif-

ically, in the latter, we would expect to trim spuriously high VTE risk

estimates, thus lowering heterogeneity.

Several limitations in our analysis should be considered. We found

substantial missing data about clinical characteristics, therefore, we

cannot be confident about whether we captured heterogeneity due to

patient characteristics. For instance, data regarding age, sex, and

mortality rates were missing in up to 30% of studies. There is also

inherent between-study heterogeneity of what constitutes admission

to ward and/or critical care. We attempted to define ICU and ward

studies in accordance with the WHO COVID-19 guidance in which

studies including critically ill patients were considered ICU studies. All

other studies were included in stratum ward, which could potentially

vary from mild to severe disease, as long as it did not entail ICU

admission. We cannot exclude misclassification, as some patients

might have been admitted to wards for quarantine purposes early in

the pandemic, and some patients with severe COVID might only have

been admitted to the ICU for close monitoring. Furthermore, defini-

tions of VTE and use of thromboprophylaxis varied between studies.

Again, we could not account for this as specifics on this were not

reported consistently.

Although our finding that estimated VTE risk was associated with

study sample size strongly suggests publication bias, it is important to

consider confounding or alternative explanations for these findings.

The predominance of small studies to report high estimates may

compound studies executed during surges of the pandemic. Indeed,

there is some evidence that COVID-19 mortality was low outside of

hospital surges, reflecting quality of care, which might impact VTE risk.

What’s more, evolving awareness of VTE risk may have not only led to

a shift in thromboprophylaxis, but also diagnostic practice and thus

lead to a shift in the detection of VTE before patients are admitted to

receive high levels of care (ie, diagnosis of VTE in the emergency

department will lower the proportion of COVID related VTE diag-

nosed in the ward), shifting the relative timing of VTE detection to less

intensive levels of care. It is possible that practice in larger studies

reflects this evolution in practices more than small studies from single

centers. Finally, we cannot exclude that larger studies include a hos-

pital population that is inherently less susceptible to VTE.

This issue of shifting susceptibility profile in the population ex-

tends also to any comparison of SARS-COV2 VTE risk with seasonal

influenza, including the comparisons among populations with different

host-pathogen relationship with regards to susceptibility of the pop-

ulations under study. Further research should evaluate whether

increasing population immunity, either vaccine or infection-acquired,

will modulate overall, in-hospital and ICU VTE risks.

The results of our systematic review provide some important

lessons for clinicians and policymakers. In a rapidly evolving pandemic

of an unknown virus, it is comprehensible and some instances

necessary, that new treatment modalities are included in preliminary

data. However, eventually good-quality data in unselected patients

with COVID-19 with clear methodological definitions are still neces-

sary to gain more precise insight into the VTE risk. In the first place, to
guide therapeutic actions, but also to put VTE risk in COVID-19 in

perspective of other viral pneumonia. Overall, it should be considered

to re-evaluate the VTE risk in COVID-19 in a changed landscape with

evolving virulence with new virus-strains, host-pathogen relationship

and thromboprophylaxis measures, compared with the data presented

in this meta-analysis. Joint efforts in multicenter studies are needed

for this.
5 | CONCLUSION

Despite numerous reports on VTE risk in COVID-19, pooled reported

risk estimates should be interpreted with caution as a high degree of

heterogeneity is presented among studies. Heterogeneity may arise

from differences in patient selection and methodology. This hinders

comparison to VTE risk in other viral pneumonia. More importantly,

analyses exploring the sources of heterogeneity indicated that sample

size was strongly correlated to reported VTE risk estimates in COVID-

19, indicating the presence of publication bias.
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González A, Regalado-Artamendi I, Alba-Urdiales N, et al. COVID-

19 coagulopathy: an in-depth analysis of the coagulation system.

Eur J Haematol. 2020;105:741–50.

[27] Pancani R, Villari L, Foci V, Parri G, Barsotti F, Patrucco F, et al.

Lower limb deep vein thrombosis in COVID-19 patients admitted

to intermediate care respiratory units. Thromb Res. 2021;197:

44–7.

[28] Shah A, Donovan K, McHugh A, Pandey M, Aaron L, Bradbury CA,

et al. Thrombotic and haemorrhagic complications in critically ill

patients with COVID-19: a multicentre observational study. Crit

Care. 2020;24:561.

[29] Tan CW, Fan BE, Teo WZY, Tung ML, Shafi H, Christopher D, et al.

Low incidence of venous thrombosis but high incidence of arterial

thrombotic complications among critically ill COVID-19 patients in

Singapore. Thromb J. 2021;19:14.

[30] Thomas W, Varley J, Johnston A, Symington E, Robinson M,

Sheares K, et al. Thrombotic complications of patients admitted to

intensive care with COVID-19 at a teaching hospital in the United

Kingdom. Thromb Res. 2020;191:76–7.

[31] World Health Organization. Living guidance for clincial manage-

ment COVID-19. https://www.who.int/publications/i/item/WHO-2

019-nCoV-clinical-2021-2. [accessed November 23, 2021].

[32] Lee L, Gallus A, Jindal R, Wang C, Wu CC. Incidence of venous

thromboembolism in Asian populations: a systematic review.

Thromb Haemost. 2017;117:2243–60.

[33] Avnon LS, Munteanu D, Smoliakov A, Jotkowitz A, Barski L.

Thromboembolic events in patients with severe pandemic influenza

A/H1N1. Eur J Intern Med. 2015;26:596–8.

[34] Saleh P, Noshad H, Naghili B. Clinical manifestation of patients with

novel H1N1 infection hospitalized in Infectious Disease ward, Sina

hospital, Tabriz, Iran. Iran J Clin Infect Dis. 2010;5:200–5.

[35] Stals MAM, Grootenboers MJJH, van Guldener C, Kaptein FHJ,

Braken SJE, Chen Q, et al. Risk of thrombotic complications in

influenza versus COVID-19 hospitalized patients. Res Pract Thromb

Haemost. 2021;5:412–20.

[36] Elgendy IY, Kolte D, Mansour MK, Sakhuja R, Elmariah S, Jaffer FA,

et al. Incidence, predictors, and outcomes of thrombotic events in

hospitalized patients with viral pneumonia. Am J Cardiol.

2021;143:164–5.

[37] Smilowitz NR, Subashchandran V, Yuriditsky E, Horowitz JM,

Reynolds HR, Hochman JS, et al. Thrombosis in hospitalized pa-

tients with viral respiratory infections versus COVID-19. Am Heart

J. 2021;231:93–5.

[38] Tan CW, Tan JY, Wong WH, Cheong MA, Ng IM, Conceicao EP,

et al. Clinical and laboratory features of hypercoagulability in

COVID-19 and other respiratory viral infections amongst pre-

dominantly younger adults with few comorbidities. Sci Rep.

2021;11:1793.

[39] Abohamr SI, Aldossari MA, Amer HA, Saadeddin HM,

Abulhamid SW, Bhat FA, et al. The incidence of acute pulmonary

embolism with COVID-19 pneumonia in Saudi Arabia: a

retrospective single-center study. J Saudi Hear Assoc. 2021;33:128–

34.

http://refhub.elsevier.com/S2475-0379(23)00196-6/sref4
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref4
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref4
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref4
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref5
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref5
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref5
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref6
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref6
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref6
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref6
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref7
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref7
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref7
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref8
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref8
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref9
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref9
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref9
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref10
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref10
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref10
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref10
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref11
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref11
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref11
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref12
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref12
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref12
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref13
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref13
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref13
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref14
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref14
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref14
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref14
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref14
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref15
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref15
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref15
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref15
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref16
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref16
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref16
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref17
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref17
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref17
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref18
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref18
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref18
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref18
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref19
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref19
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref19
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref19
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref19
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref20
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref20
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref20
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref21
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref21
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref21
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref22
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref22
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref24
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref24
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref24
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref25
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref25
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref25
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref25
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref26
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref27
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref27
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref27
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref27
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref28
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref28
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref28
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref28
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref29
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref29
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref29
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref29
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref30
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref30
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref30
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref30
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref32
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref32
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref32
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref33
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref33
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref33
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref34
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref34
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref34
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref35
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref35
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref35
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref35
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref36
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref36
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref36
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref36
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref37
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref37
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref37
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref37
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref38
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref38
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref38
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref38
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref38
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref39
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref39
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref39
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref39
http://refhub.elsevier.com/S2475-0379(23)00196-6/sref39


14 of 16 - BHOELAN ET AL.
[40] Al Raizah A, Al Askar A, Shaheen N, Aldosari K, Alnahdi M,

Luhanga M, et al. High rate of bleeding and arterial thrombosis in

COVID-19: Saudi multicenter study. Thromb J. 2021;19:13.

[41] Albani F, Sepe L, Fusina F, Prezioso C, Baronio M, Caminiti F, et al.

Thromboprophylaxis with enoxaparin is associated with a lower

death rate in patients hospitalized with SARS-CoV-2 infection. A

cohort study. EClinicalMedicine. 2020;27:100562.

[42] Aleva FE, van Mourik L, Broeders MEAC, Paling AJ, de Jager CPC.

COVID-19 in critically ill patients in North Brabant, the

Netherlands: patient characteristics and outcomes. J Crit Care.

2020;60:111–5.

[43] Alwafi H, Naser AY, Qanash S, Brinji AS, Ghazawi MA, Alotaibi B,

et al. Predictors of length of hospital stay, mortality, and outcomes

among hospitalised COVID-19 patients in Saudi Arabia: a cross-

sectional study. J Multidiscip Healthc. 2021;14:839–52.

[44] Ameri P, Inciardi RM, Di Pasquale M, Agostoni P, Bellasi A,

Camporotondo R, et al. Pulmonary embolism in patients with

COVID-19: characteristics and outcomes in the Cardio-COVID

Italy multicenter study. Clin Res Cardiol. 2021;110:1020–8.

[45] Arachchillage DRJ, Shi C, Saliu D, Kozman P, Mi E, Buti N, et al.

Efficacy and safety of d-dimer, weight, and renal function-adjusted

thromboprophylaxis in patients with coronavirus disease 2019

(COVID-19). Semin Thromb Hemost. 2021;47:436–41.

[46] Avula A, Nalleballe K, Toom S, Siddamreddy S, Gurala D, Katyal N,

et al. Incidence of thrombotic events and outcomes in COVID-19

patients admitted to intensive care units. Cureus. 2020;12:

e11079.

[47] Benito N, Filella D, Mateo J, Fortuna AM, Gutierrez-Alliende JE,

Hernandez N, et al. Pulmonary thrombosis or embolism in a large

cohort of hospitalized patients with Covid-19. Front Med (Lausanne).

2020;7:557.

[48] Beun R, Kusadasi N, Sikma M, Westerink J, Huisman A. Thrombo-

embolic events and apparent heparin resistance in patients infected

with SARS-CoV-2. Int J Lab Hematol. 2020;42(Suppl 1):19–20.

[49] Bilaloglu S, Aphinyanaphongs Y, Jones S, Iturrate E, Hochman J,

Berger JS. Thrombosis in hospitalized patients with COVID-19 in a

New York City health system. JAMA. 2020;324:799–801.

[50] Boyd S, Martin-Loeches I. The incidence of venous thromboem-

bolism in critically ill patients with COVID-19 compared with crit-

ically ill non-COVID patients. Irish J Med Sci. 2021;190:1317–20.

[51] Calderon-Lopez M-T, Garcia-Leon N, Gomez-Arevalillo S, Martin-

Serrano P, Matilla-Garcia A. Coronavirus disease 2019 and coa-

gulopathy: other prothrombotic coagulation factors. Blood Coagul

Fibrinolysis. 2021;32:44–9.

[52] Campello E, Bulato C, Spiezia L, Boscolo A, Poletto F, Cola M, et al.

Thrombin generation in patients with COVID-19 with and without

thromboprophylaxis. Clin Chem Lab Med. 2021;59:1323–30.

[53] Cardillo G, Viggiano GV, Russo V, Mangiacapra S, Cavalli A,

Castaldo G, et al. Antithrombotic and anti-inflammatory effects of

fondaparinux and enoxaparin in hospitalized COVID-19 patients:

the FONDENOXAVID study. J Blood Med. 2021;12:69–75.

[54] Cattaneo M, Bertinato EM, Birocchi S, Brizio C, Malavolta D,

Manzoni M, et al. Pulmonary embolism or pulmonary thrombosis in

COVID-19? Is the recommendation to use high-dose heparin for

thromboprophylaxis justified? Thromb Haemost. 2020;120:1230–2.

[55] Chandel A, Patolia S, Looby M, Bade N, Khangoora V, King CS.

Association of D-dimer and fibrinogen with hypercoagulability in

COVID-19 requiring extracorporeal membrane oxygenation.

J Intensive Care Med. 2021;36:689–95.

[56] Cho ES, McClelland PH, Cheng O, Kim Y, Hu J, Zenilman ME,

D’Ayala M. Utility of d-dimer for diagnosis of deep vein thrombosis

in coronavirus disease-19 infection. J Vasc Surg Venous Lymphat

Disord. 2021;9:47–53.

[57] Cohen SL, Gianos E, Barish MA, Chatterjee S, Kohn N, Lesser M,

et al. Prevalence and predictors of venous thromboembolism or
mortality in hospitalized COVID-19 patients. Thromb Haemost.

2021;121:1043–53.

[58] COVID-ICU Group on behalf of the REVA Network and the

COVID-ICU Investigators. Clinical characteristics and day-90 out-

comes of 4244 critically ill adults with COVID-19: a prospective

cohort study. Intensive Care Med. 2021;47:60–73.

[59] Dalager-Pedersen M, Lund LC, Mariager T, Winther R,

Hellfritzsch M, Larsen TB, et al. Venous thromboembolism and

major bleeding in patients with coronavirus disease 2019 (COVID-

19): a nationwide, population-based cohort study. Clin Infect Dis.

2021;73:2283–93.

[60] Darwish HS, Habash MY, Habash WY. COVID-19 viral pneumonia

complicated with acute pulmonary embolism: a descriptive study.

Radiol Res Pract. 2021;2021:6649086.

[61] De Cobelli F, Palumbo D, Ciceri F, Landoni G, Ruggeri A, Rovere-

Querini P, et al. Pulmonary vascular thrombosis in COVID-19

pneumonia. J Cardiothorac Vasc Anesth. 2021;35:3631–41.

[62] de Montmollin E, Faille D, Andrieu V, Ajzenberg N, Timsit JF.

Intensified thromboprophylaxis in COVID-19 critically ill patients:

is it enough? J Infect. 2021;82:e20–2.

[63] Desborough MJR, Doyle AJ, Griffiths A, Retter A, Breen KA,

Hunt BJ. Image-proven thromboembolism in patients with severe

COVID-19 in a tertiary critical care unit in the United Kingdom.

Thromb Res. 2020;193:1–4.

[64] Dutch COVID, Coalition Thrombosis, Kaptein FHJ, Stals MAM,

Grootenboers M, Braken SJE, Burggraaf JLI, et al. Incidence of

thrombotic complications and overall survival in hospitalized pa-

tients with COVID-19 in the second and first wave. Thromb Res.

2021;199:143–8.

[65] Elbadawi A, Elgendy IY, Sahai A, Bhandari R, McCarthy M,

Gomes M, et al. Incidence and outcomes of thrombotic events in

symptomatic patients with COVID-19. Arterioscler Thromb Vasc Biol.

2021;41:545–7.

[66] Eriksson O, Hultström M, Persson B, Lipcsey M, Ekdahl KN,

Nilsson B, et al. Mannose-binding lectin is associated with throm-

bosis and coagulopathy in critically ill COVID-19 patients. Thromb

Haemost. 2020;120:1720–4.

[67] Fauvel C, Weizman O, Trimaille A, Mika D, Pommier T, Pace N,

et al. Pulmonary embolism in COVID-19 patients: a French multi-

centre cohort study. Eur Heart J. 2020;41:3058–68.
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Polenta A, et al. Safety of intermediate dose of low molecular

weight heparin in COVID-19 patients. J Thromb Thrombolysis.

2021;51:286–92.

[100] Mazzaccaro D, Giacomazzi F, Giannetta M, Varriale A,

Scaramuzzo R, Modafferi A, et al. Non-overt coagulopathy in non-

ICU patients with mild to moderate COVID-19 pneumonia. J Clin

Med. 2020;9:1781.

[101] Melazzini F, Colaneri M, Fumoso F, Freddi G, Lenti MV, Pieri TC,

et al. Venous thromboembolism and COVID-19: a single center

experience from an academic tertiary referral hospital of Northern

Italy. Intern Emerg Med. 2021;16:1141–52.

[102] Mennuni MG, Renda G, Grisafi L, Rognoni A, Colombo C, Lio V,

et al. Clinical outcome with different doses of low-molecular-

weight heparin in patients hospitalized for COVID-19. J Thromb

Thrombolysis. 2021;52:782–90.

[103] Mouhat B, Besutti M, Bouiller K, Grillet F, Monnin C, Ecarnot F,

et al. Elevated D-dimers and lack of anticoagulation predict PE in

severe COVID-19 patients. Eur Respir J. 2020;56:2001811.

[104] Mueller-Peltzer K, Krauss T, Benndorf M, Lang CN, Bamberg F,

Bode C, et al. Pulmonary artery thrombi are co-located with opa-

cifications in SARS-CoV2 induced ARDS. Respir Med. 2020;172:

106135.
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