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Abstract

Introduction

Infection with SARS-CoV-2 is typically compared with influenza to contextualize its health
risks. SARS-CoV-2 has been linked with coagulation disturbances including arterial throm-
bosis, leading to considerable interest in antithrombotic therapy for Coronavirus Disease
2019 (COVID-19). However, the independent thromboembolic risk of SARS-CoV-2 infection
compared with influenza remains incompletely understood. We evaluated the adjusted risks
of thromboembolic events after a diagnosis of COVID-19 compared with influenza in a large
retrospective cohort.

Methods

We used a US-based electronic health record (EHR) dataset linked with insurance claims to
identify adults diagnosed with COVID-19 between April 1, 2020 and October 31, 2020. We
identified influenza patients diagnosed between October 1, 2018 and April 31, 2019. Pri-
mary outcomes [venous composite of pulmonary embolism (PE) and acute deep vein
thrombosis (DVT); arterial composite of ischemic stroke and myocardial infarction (MI)] and
secondary outcomes were assessed 90 days post-diagnosis. Propensity scores (PS) were
calculated using demographic, clinical, and medication variables. PS-adjusted hazard ratios
(HRs) were calculated using Cox proportional hazards regression.

Results

There were 417,975 COVID-19 patients (median age 57y, 61% women), and 345,934 influ-
enza patients (median age 47y, 66% women). Compared with influenza, patients with
COVID-19 had higher venous thromboembolic risk (HR 1.53, 95% CI 1.38—1.70), but not
arterial thromboembolic risk (HR 1.02, 95% CI 0.95—-1.10). Secondary analyses
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demonstrated similar risk for ischemic stroke (HR 1.11, 95% CI 0.98-1.25) and MI (HR
0.93, 95% CI 0.85—1.03) and higher risk for DVT (HR 1.36, 95% CIl 1.19-1.56) and PE (HR
1.82, 95% CI 1.57-2.10) in patients with COVID-19.

Conclusion

In a large retrospective US cohort, COVID-19 was independently associated with higher 90-
day risk for venous thrombosis, but not arterial thrombosis, as compared with influenza.
These findings may inform crucial knowledge gaps regarding the specific thromboembolic
risks of COVID-19.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SAR-CoV-2) is typically compared with the
influenza virus in literature to help contextualize its natural history and risks [1, 2]. While
SARS-CoV-2 and influenza have certain overlapping characteristics (such as fever syndromes
and respiratory droplet spread), there are several clinical features and outcomes that are poten-
tially distinct to coronavirus disease 2019 (COVID-19). In particular, prior work has linked
SARS-CoV-2 infection with coagulation disturbances and elevated thromboembolic risk
including arterial events such as ischemic stroke [3]. This has led to substantial contemporary
interest in the role of thromboprophylaxis in COVID-19 management [4, 5]. Health systems
implemented antithrombotic strategies for COVID-19 during the pandemic, including treat-
ment-dose anticoagulation [6], and major clinical trials of prophylactic anticoagulation in
COVID-19 were initiated [4, 7].

Data linking SARS-CoV-2 and thromboembolic events were initially derived from real-
world COVID-19 case series or single-arm cohorts suggesting high thromboembolic event
rates in patients with COVID-19 [3, 8-10]. A cohort study of patients in New York City
that compared COVID-19 with influenza further suggested that patients with COVID-19
who were in the emergency department or were hospitalized had higher rates of ischemic
stroke compared with patients who were in the emergency department or hospitalized with
influenza [11]. This analysis was, however, limited by the incorporation of only a few
selected covariates and a lack of broad adjustment for baseline cohort characteristics that
may affect thromboembolic outcomes. Robust comparative data regarding the independent
risk of arterial and venous thromboembolic events in COVID-19 versus influenza remain
lacking. Accurately assessing the thromboembolic risks of SARS-CoV-2 infection is essen-
tial to inform the potential benefits and risks of thromboprophylaxis in COVID-19 and
guide future studies.

Despite high interest, the independent risk of thromboembolic events with SARS-CoV-2
infection compared with influenza after accounting for baseline cohort characteristics remains
incompletely understood. To address such crucial COVID-19 knowledge gaps, the FDA Senti-
nel System for COVID-19 activities aims to promote timely research efforts [12]. As a part of
the COVID-19 Evidence Accelerator convened by the Reagan-Udall Foundation for the FDA,
linked with the FDA Sentinel System, we evaluated the independent risk of arterial and venous
thrombotic events in patients diagnosed with COVID-19 compared with patients diagnosed
with influenza in a large retrospective cohort, after accounting for baseline cohort characteris-
tics. We hypothesized that a diagnosis of COVID-19 would be associated with elevated arterial
and venous thromboembolic risk compared with influenza.
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Methods
Study design and data sources

We performed a retrospective cohort study on the Veradigm Health Insights Ambulatory
EHR Research Database linked with insurance claims data from January 1, 2015 to October
31, 2020. The electronic health record dataset consists of de-identified patient records sourced
from ambulatory/outpatient primary care and specialty settings. The insurance claims data
contains a de-identified combination of closed and open claims from inpatient and outpatient
locations.

The Stanford University Institutional Review Board has determined that this project does
not meet the definition of human subject research as defined in federal regulations 45 CFR
46.102 or 21 CFR 50.3. Informed consent was waived.

This work was part of the COVID-19 Evidence Accelerator convened by the Reagan-Udall
Foundation for the FDA, in collaboration with Friends of Cancer Research, which assembles
experts from the health systems research, regulatory science, data science, and epidemiology to
participate in parallel analyses focusing on coagulopathy in COVID-19. Analytic partners
aligned on a common protocol (the current study’s methodology was adapted from the Senti-
nel Initiative for the FDA Natural History of Coagulopathy in COVID-19 Study Synopsis and
Statistical Analysis Plan [12, 13]) and conducted analyses independently; methods and results
were shared side-by-side to evaluate differences and similarities. This methodology has been
successfully applied to other COVID-19 research questions [14].

Study cohort

Two cohorts were defined: a COVID-19 cohort and a comparison influenza cohort. For the
COVID-19 cohort, individuals over the age of 18 were included if, after April 1, 2020, they had
a COVID-19 diagnosis based on International Classification of Diseases, Clinical Modifica-
tion, 10th revision (ICD-10-CM) codes or molecular testing via Logical Observation Identifi-
ers Names and Codes (LOINC) from an inpatient or outpatient setting (from either insurance
claims or electronic health records, S1 and S2 Tables). Individuals over the age of 18 were
included in the influenza cohort if, between October 1, 2018 and April 30, 2019, they had an
influenza diagnosis based on ICD-10-CM codes or molecular testing from an inpatient or out-
patient setting. Separate study years were chosen to minimize the possibility of influenza
cohort patients having undiagnosed COVID-19. ICD-10-CM and LOINC lists were defined
by the Sentinel Initiative [12].

The date of the first COVID-19/influenza diagnosis, or date of specimen collection of the
first positive molecular test, served as the index date for each individual. Individuals were
excluded if they 1) had evidence of COVID-19 in the 90 days prior to their index date; 2) did
not have either A) at least two insurance claims in the 365 days on or before the index date or
365 days of continuous coverage as indicated by closed claims enrollment, or B) at least 2
encounters in the EHR in the 365 days on or before the index date; 3) were less than 18 years
of age on their index date; 4) had evidence of coinfection with another respiratory virus (RSV,
adenovirus, paraflu, enterovirus, rhinovirus, human metapneumovirus, and, for the COVID-
19 cohort only, influenza) based on ICD-10-CM codes within 14 days of COVID-19/influenza
diagnosis; 5) had no claims at any point after the index date.

Data collection

Comorbidities associated with cardiovascular disease and COVID-19 were collected during the
baseline period, defined as the 365 days prior to the index date. The comorbidities included
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angina, atrial fibrillation, antiphospholipid antibody syndrome, alcohol abuse, cancer (excluding
non-melanoma skin cancers), current tobacco use, current pregnancy, chronic kidney disease,
chronic obstructive pulmonary disease, diabetes mellitus (type 1 and type 2), heart failure, HIV
infection, hyperlipidemia, hypertension, inherited (primary) thrombophilia, polycythemia,
thrombocytosis, neurological disease, obesity, prior ischemic stroke, prior myocardial infarction
(MI), cardiovascular disease, cerebrovascular disease, peripheral arterial disease, and venous
thromboembolism [i.e., deep venous thrombosis (DVT), pulmonary embolism (PE), and/or
thrombosis due to cardiac/vascular prosthetic device, implant, or graft].

Medication prescription fill data was collected from insurance claims. Medication usage
was ascertained via the presence of a prescription fill 183 days to 3 days before index date (we
excluded the three days before COVID-19 diagnosis to minimize protopathic bias). Medica-
tions assessed included anticoagulants, antiplatelets, and statins.

Diagnosis information was captured using ICD-10-CM codes. ICD code lists used to define
relevant clinical concepts, NDC codes to define medication categories, and LOINC codes to
define laboratory test results were leveraged from existing code lists from the Sentinel Initiative
led by the FDA and HealthPals [15].

Outcomes

The two co-primary endpoints for this study were 1) a composite arterial thrombosis outcome,
consisting of MI and ischemic stroke; and 2) a composite venous thromboembolism outcome,
consisting of acute DVT and PE. Endpoints were evaluated in the 90 days after diagnosis of
COVID-19 or influenza, inclusive of the index date.

Outcomes were identified using ICD-10-CM codes from previously validated ICD diagno-
sis lists [16-20]). While MI, ischemic stroke, and PE were ascertained from ICD codes
restricted to the inpatient setting, acute DVT was identified via ICD code from either the inpa-
tient or emergency department setting since uncomplicated DVTs may be treated in the emer-
gency department setting without hospitalization (see S1 File for more details).

Secondary arterial outcomes included MI and ischemic stroke (evaluated separately), and a
composite of a broader range of arterial thrombotic complications: angina, transient ischemic
attack, coronary angioplasty, coronary artery bypass grafting, peripheral artery disease, and
amputation, and were identified via ICD codes and/or CPT/HCPCS codes from the inpatient
or emergency department setting.

Secondary venous outcomes included acute DVT and PE (evaluated separately), and a com-
posite outcome consisting of acute DVT, PE, and venous thrombosis of devices, implants, or
grafts (identified via ICD code from the inpatient or emergency department setting).

Study endpoint

The study endpoint was the first of either 1) outcome, 2) 90 days after index date, 3) end of an
individual’s data record (defined as either the last day on which an insurance claim was
recorded or the last day on which an individual was enrolled in an insurance plan, whichever
occurred later). Competing outcomes were not treated as censoring events; in other words,
each outcome was evaluated separately. For example, while analyzing the primary arterial end-
point, a patient who experienced a DVT event in the follow-up period would continue to be
monitored for an arterial event after their DVT.

Statistical analysis

Differences between the COVID-19 cohort and the influenza cohort were assessed using stan-
dardized differences. A standardized difference of >0.10 indicated meaningful imbalance [21].
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The absolute risk and unadjusted incidence rates of the primary outcomes, secondary out-
comes, and composite outcomes were calculated over the follow-up period of 90 days.

Propensity scores were used to control for confounding. Propensity scores were estimated
using a logistic regression model with the group status (COVID-19/influenza) as the depen-
dent variable. The following covariates were included in the regression model: age category,
sex category, severity of infection, care setting of diagnosis, prior institutional stay, history of
cardiovascular disease, venous thromboembolism, ischemic stroke, myocardial infarction,
atrial fibrillation, heart failure, hyperlipidemia, hypertension, peripheral arterial disease, diabe-
tes, neurologic disease that promotes stasis/immobility, obesity, chronic kidney disease, can-
cer, COPD, rheumatic disease, antiphospholipid antibody syndrome, inherited thrombophilia,
polycythemia, thrombocytosis, current pregnancy, alcohol abuse, current tobacco use, and use
of anticoagulants, antiplatelets, statins, oral chemotherapeutics, oral contraceptives, estrogen
replacement, or testosterone replacement.

Individuals whose propensity score exceeded the maximum or minimum scores present in
the other cohort were excluded (a method known as “trimming the tails”). Propensity score
stratification, with sample average treatment effect weights, was used to assign a weight to each
individual [22]. A total of 50 bins were used in the propensity score stratification process,
spaced evenly from the highest to the lowest propensity score (after trimming the tails). More
details are available in the S1 File.

Weighted Cox proportional hazards regression, accounting for the propensity score, was
used to calculate hazard ratios with robust 95% confidence intervals for the primary outcome
and expanded set of secondary outcomes. Analysis was performed in Python 3.8.

In order to observe a statistically significant result in the proportional hazards analysis with
a power of 80%, assuming o = 0.05, an equal number of COVID-19 and influenza patients,
and a true hazard ratio of 1.2, 944 events are needed. Assuming a baseline event rate of 0.05
events per person-year in the influenza group, and a 25% censoring rate before the end of the
90-day follow-up time, 78,110 patients are needed to observe the effect.

Sensitivity analysis

Individuals were further stratified by prior cardiovascular disease (with/without), prior venous
thromboembolism (with/without), care setting of diagnosis (inpatient hospital or outpatient),
and ICU status at the time of diagnosis (admitted to or currently in ICU on date of diagnosis/
no evidence of ICU on date of diagnosis). Propensity scores and stratified weights were recal-
culated for each sensitivity cohort. Arterial outcomes (primary and secondary composite arte-
rial endpoints, ischemic stroke, and MI) were analyzed after stratification by prior
cardiovascular disease; venous outcomes (primary and secondary composite venous end-
points, acute DVT, and PE) were assessed when stratifying by prior VTE; and all outcomes
were analyzed when stratifying by care setting of diagnosis.

Results
Cohorts

There were 417,975 COVID-19 patients and 345,934 influenza patients who met study eligibil-
ity criteria (Fig 1). The COVID-19 cohort had a median age of 57 (interquartile range [IQR]
40-72) years, with 61% women (Table 1). The influenza cohort had a median age of 47 (IQR
32-61) years, with 66% women. A total of 194,346 (46%) COVID-19 patients and 252,001
(73%) influenza patients were diagnosed in an outpatient setting. A total of 225,988 (54%)
COVID-19 patients and 142,789 (41%) influenza patients had prior cardiovascular disease,
and 14,062 (3.4%) COVID-19 patients and 6,614 (1.9%) influenza patients had prior VTE.
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Fig 1. Cohort selection diagram for the COVID-19 cohort (a) and for the influenza cohort (b). Abbreviations: ICD-
10-CM—international classification of diseases, 10th revision; NAAT—nucleic acid amplification test.

https://doi.org/10.1371/journal.pone.0261786.9001

Overall, compared to the influenza cohort, the COVID-19 cohort was older, more likely to be
male, more likely to have been hospitalized before, at the time of, and after diagnosis, and more
likely to have chronic comorbidities. After cohort balancing using the propensity score, all stan-
dardized differences between the COVID-19 and influenza cohorts were <0.02 (S3 Table).

Primary outcomes

Compared with the influenza cohort, the unadjusted incidence of the primary composite arte-
rial endpoint was more than two-fold higher in the COVID-19 cohort (0.04 versus 0.11 per
person-year, respectively, Table 2). However, after adjusting for cohort differences via the pro-
pensity score, there was no evidence of increased risk for the primary composite arterial end-
point in COVID-19 patients compared with influenza patients (HR 1.02, 95% CI 0.95-1.10,
Fig 2).

Compared with the influenza cohort, the unadjusted incidence of the primary combined
venous endpoint was approximately three-fold higher in the COVID-19 cohort (0.02 versus
0.06 per person-year, respectively, Table 2). After adjusting for cohort differences via the pro-
pensity score, there remained a significantly increased risk of the primary venous endpoint in
COVID-19 patients compared with influenza patients (HR 1.53, 95% CI 1.38-1.70, Fig 2).

Secondary outcomes

Stroke and MI demonstrated higher unadjusted incidence rates among COVID-19 patients
compared with influenza patients (Table 2). However, upon adjustment for cohort differences
via the propensity score, there was no evidence of a difference in risk of stroke (HR 1.11, 95%
CI0.98-1.25) or MI (HR 0.93, 95% CI 0.85-1.03) between the two cohorts (Fig 3).

COVID-19 patients demonstrated higher unadjusted incidence rates for DVT and PE com-
pared with influenza patients (Table 2). Upon adjustment for cohort differences via the pro-
pensity score, there remained a significantly increased risk for the individual venous outcomes
in COVID-19 patients compared with influenza patients (DVT, HR 1.36, 95% CI 1.19-1.56;
PE, HR 1.82,95% CI 1.57-2.10, Fig 3).

Sensitivity analyses

Among patients without prior cardiovascular disease, patients with COVID-19 had a higher
risk of the composite arterial endpoint compared with influenza patients (HR 1.46, 95% CI

PLOS ONE | https://doi.org/10.1371/journal.pone.0261786 January 12, 2022 6/15


https://doi.org/10.1371/journal.pone.0261786.g001
https://doi.org/10.1371/journal.pone.0261786

PLOS ONE

Venous and arterial thrombosis in COVID-19 compared with influenza

Table 1. Patient characteristics. Unless otherwise specified, all values are presented as “N (%)”.

N =417,153 N =344,205 | Standardized difference
Age,y Median (IQR) 57 (40-72) 47 (32-61) 0.45
18-44 128,424 (31) 161,165 (47) 0.33
45-54 60,179 (14) 58,547 (17) 0.07
55-64 73,554 (18) 62,051 (18) 0.01
65-74 64,416 (15) 34,519 (10) 0.16
75-84 50,893 (12) 18,382 (5.3) 0.24
>85 40,511 (9.7) 11,270 (3.3) 0.26
Sex Male 160,797 (38) 118,043 (34) 0.09
Female 256,716 (61) 227,594 (66) 0.09
Other/unknown 464 (0.11) 297 (0.086) 0.01
Severity of infection Not hospitalized 371,883 (89) 328,280 (95) 0.22
Cimelfiemelduebidiuznanl Carpibopulizanobins lendolionitalizazon Hospitalized, no evidence of ICU/ventilator during 33,439 (8) 12,863 (3.7) 0.18
hospitalization
Hospitalized with evidence of ICU/ventilator during 12,655 (3) 4,791 (1.4) 0.11
hospitalization
Care setting of diagnosis Ambulatory/outpatient 194,346 (46) 252,001 (73) 0.56
Time frame: date of diagnosis Hospital 46,094 (11) 17,654 (5.1) 0.22
ED 49,611 (12) 56,025 (16) 0.12
SNF or long-term care 15,247 (3.6) 1,206 (0.35) 0.24
Unknown/not reported 112,679 (27) 19,048 (5.5) 0.61
Recent institutional stay encounter Yes 53,614 (13) 18,001 (5.2) 0.27
Time frame: 90 days to 1 day before diagnosis No 364,363 (87) 327,933 (95) 0.27
Baseline medications/transfusions Anticoagulants 10,079 (2.4) 6,401 (1.9) 0.04
Time frame: 183 days to 3 days before diagnosis Antiplatelet 18,389 (4.5) 11,397 (3.3) 0.06
Statins 64,734 (15) 45,419 (13) 0.07
Oral chemotherapeutics 2,179 (0.52) 2,166 (0.63) 0.01
Oral contraceptives 5,312 (1.3) 11,169 (3.2) 0.13
Estrogen replacement 4,980 (1.2) 12,088 (3.5) 0.15
Testosterone replacement 523 (0.13) 1,137 (0.33) 0.04
Baseline comorbidities Cardiovascular disease 225,988 (54) 142,789 (41) 0.26
:é?;:{;:’:;ei day before diagnosis for comorbidities, 7 days before to 7 days after di W enousithromboembolismy L30621(3:4) GOLHD) 009
for labs Ischemic stroke 17,834 (4.3) 5,560 (1.6) 0.16
Myocardial infarction 8,044 (1.9) 3,639 (1.1) 0.07
Atrial fibrillation 32,362 (7.7) 14,331 (4.1) 0.15
Heart failure 44,883 (11) 17,687 (5.1) 0.21
Hypertension 195,904 (47) 119,970 (35) 0.25
Hyperlipidemia 154,464 (37) 100,661 (29) 0.17
Peripheral arterial disease 31,765 (7.6) 9,418 (2.7) 0.22
Neurologic disease that promotes stasis/immobility 57,669 (14) 15,253 (4.4) 0.33
Diabetes 110,492 (26) 56,633 (16) 0.25
Chronic kidney disease 66,581 (16) 29,906 (8.6) 0.22
Obesity 104,149 (25) 84,457 (24) 0.01
COPD 54,390 (13) 40,825 (12) 0.04
Rheumatic disease 18,009 (4.3) 15,997 (4.6) 0.02
Antiphospholipid antibody syndrome 356 (0.085) 334 (0.097) 0.00
Inherited thrombophilia 904 (0.22) 755 (0.22) 0.00
Polycythemia (via ICD or hemoglobin >16 g/dL) 1,483 (0.35) 1,273 (0.37) 0.00
Thrombocytosis (via ICD or platelet count >450 x 10A9/L) 1,973 (0.47) 1,378 (0.4) 0.01
Cancer 35,380 (8.5) 26,486 (7.7) 0.03
HIV 6,958 (1.7) 5,096 (1.5) 0.02
Pregnancy 14,435 (3.5) 22,349 (6.5) 0.14
Alcohol abuse 11,816 (2.8) 7,767 (2.2) 0.04
Current tobacco use 56,926 (14) 59,818 (17) 0.10

Abbreviations: IQR—interquartile range; ICU—intensive care unit; ED—emergency department; SNF—skilled nursing facility; COPD—chronic obstructive pulmonary

disease; ICD—international classification of diseases; HIV—human immunodeficiency virus; g/dL—grams per deciliter; L—liter

https://doi.org/10.1371/journal.pone.0261786.t001
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Table 2. Absolute risk and unadjusted incidence rates for primary and secondary outcomes for both cohorts.

COVID-19 cohort Influenza cohort

Absolute risk, N | Incidence rates (per person- | Absolute risk, N | Incidence rates (per person-

(%) year) (%) year)
Primary Endpoints (Hospital Discharge ICD-10-CM
Diagnosis)
Arterial thrombosis (combined) 7,121 (1.7) 0.11 3,035 (0.88) 0.04
Venous thromboembolism (combined) 4,278 (1) 0.06 1,524 (0.44) 0.02
Secondary Endpoints (ED or hospital discharge ICD-
10-CM diagnosis)
Acute MI 4,094 (0.98) 0.06 2,008 (0.58) 0.03
Acute ischemic or embolic stroke 3,486 (0.83) 0.05 1,217 (0.35) 0.02
Acute upper/lower deep venous thrombosis 2,455 (0.59) 0.04 959 (0.28) 0.01
Acute pulmonary embolism 2,315 (0.55) 0.03 772 (0.22) 0.01
Expanded arterial thrombosis (combined) 14,462 (3.5) 0.22 7,609 (2.2) 0.10
Expanded venous thromboembolism (combined) 4,519 (1.1) 0.07 1,640 (0.47) 0.02

Abbreviations: ICD-10-CM—international classification of diseases, 10th revision; ED—emergency department; MI—myocardial infarction

https://doi.org/10.1371/journal.pone.0261786.t1002

1.25-1.71), while no evidence of a significant difference was seen in patients with prior cardio-
vascular disease (Table 3).

Among individuals without prior VTE, those diagnosed with COVID-19 had a higher risk
of the composite venous endpoint compared with influenza patients (HR 1.63, 95% CI 1.46-
1.82), while no evidence of a significant difference was seen in patients with prior VTE.

Stratification by inpatient versus outpatient care setting of diagnosis, as well as whether
patients were in the ICU on the date of diagnosis, revealed consistent findings across care set-
tings of a similar risk of the composite arterial endpoint and an increased risk of the composite
venous endpoint in COVID-19 patients compared with influenza patients.

Discussion

In a large US cohort linking EHR and claims data, we found that patients with a diagnosis of
COVID-19 were at higher adjusted risk for venous thromboembolic events, but not arterial
thromboembolic events, compared with patients with influenza. Venous thromboembolic risk
was driven by both acute DVT and acute PE events. Upon stratification by prior CVD, a diag-
nosis of COVID-19 was associated with higher arterial thromboembolic risk in those without
prior CVD, but not those with prior CVD. Upon stratification by prior VTE history, a diagno-
sis of COVID-19 was associated with higher venous thromboembolic risk in those without
prior VTE, but not those with prior VTE. Together, these findings address key knowledge gaps
regarding the independent thromboembolic risks of COVID-19 compared with influenza and
may guide future work to clarify the role of thromboprophylaxis in COVID-19 management.
During the early period of the pandemic, a self-controlled case-series and matched cohort
analysis from Sweden suggested that COVID-19 was a risk factor for acute myocardial infarc-
tion and ischemic stroke [8]. A single-arm cohort study from Europe indicated a high preva-
lence of pulmonary embolism among hospitalized COVID-19 patients [9]. Similarly, a single-
arm cohort study of 3334 patients in New York City hospitals suggested a high prevalence of
16% for thromboembolic events in COVID-19 patients [10]. These analyses were limited by
largely case series-based or single-arm designs. A retrospective cohort study of New York City
patients in the emergency department or hospitalized found higher rates of ischemic stroke in
patients with COVID-19 compared with those with influenza [11]. However, this study
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Fig 2. Cumulative event rate curves for primary outcomes. Stratified propensity weighted-cumulative event rate
curves in the COVID-19 and influenza populations. Hazard ratios with 95% confidence intervals are shown. After
weighting, cohorts were balanced across 49 covariates including demographics, medication use, and clinical
comorbidities associated with arterial and venous thromboembolism.

https://doi.org/10.1371/journal.pone.0261786.9002

included only selected baseline demographics in the model and did not adjust the results
broadly for baseline cohort characteristics that may serve as confounders due to inherent dif-
ferences between COVID-19 and influenza cohorts. For instance, in our study, COVID-19
patients were more likely to have potentially relevant comorbidities including prior neurologic
diseases, CVD, chronic kidney disease, hypertension, diabetes, and heart failure. Additionally,
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Fig 3. Propensity-weighted cumulative event rate curves for secondary outcomes. Hazard ratios with 95%
confidence intervals are shown. After weighting, cohorts were balanced across 49 covariates including demographics,
medication use, and clinical comorbidities associated with arterial and venous thromboembolism.

https://doi.org/10.1371/journal.pone.0261786.g003
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Table 3. COVID-19 vs. influenza hazard ratios for sensitivity cohorts.

Primary arterial
endpoint
Primary venous
endpoint

Ischemic stroke

Myocardial
infarction

Deep vein
thrombosis

Pulmonary
embolism

Secondary
arterial
endpoint

Secondary
venous
endpoint

Patients with
prior CVD | without prior

0.95 (0.90-
1.01)

NA

1.06 (0.97-
1.16)

0.87 (0.81-
0.93)
NA
NA

0.84 (0.81-
0.87)

NA

Patients

CVD

1.46 (1.25-
1.71)

NA

1.35 (1.07-
1.71)

1.50 (1.22—
1.84)
NA
NA

1.42 (1.28-
1.59)

NA

Patients with Patients Inpatients | Outpatients | Patientsin ICU | Patients notin | All patients—
prior VTE | without prior on date of ICU on date of unweighted
VTE diagnosis diagnosis
NA NA 0.95(0.90- | 1.16 (0.99- | 0.91(0.83-0.99) | 0.99 (0.92-1.07) |2.25 (2.10-2.41)
1.01) 1.37)
1.00 (0.83—- | 1.63(1.46- | 1.36(1.25- | 1.69 (1.40- | 1.21(1.06-1.37) | 1.59 (1.43-1.76) |2.71 (2.47-2.97)
1.20) 1.82) 1.47) 2.04)
NA NA 1.14 (1.04- | 1.07(0.83- | 1.01(0.88-1.17) | 1.11(0.99-1.25) | 2.73(2.46-3.02)
1.24) 1.37)
NA NA 0.85 (0.80- | 1.23(1.00- | 0.87(0.79-0.96) | 0.88(0.80-0.97) | 1.95 (1.79-2.12)
0.91) 1.52)
0.96 (0.79- 1.47 (1.27- | 1.22(1.09- | 1.48(1.18- | 1.08(0.92-1.28) | 1.41(1.23-1.61) | 2.57(2.29-2.89)
1.18) 1.71) 1.35) 1.88)
1.07 (0.78- 1.87 (1.61- | 1.47(1.31- | 2.01(1.54- | 1.28(1.07-1.51) | 1.88(1.62-2.18) | 2.90 (2.56-3.30)
1.46) 2.18) 1.64) 2.64)
NA NA 0.84 (0.80- | 1.01(0.91- | 0.83(0.78-0.89) | 0.86(0.82-0.91) | 1.76 (1.69-1.84)
0.87) 1.11)
0.97 (0.81- 1.61 (1.45- | 1.32(1.22- | 1.70 (1.42- | 1.20 (1.06-1.35) | 1.57 (1.42-1.74) | 2.67 (2.45-2.91)
1.16) 1.79) 1.43) 2.05)

Hazard ratios (with 95% confidence intervals) for sensitivity cohorts, representing the ratio of outcomes in the COVID-19 cohort as compared to the influenza cohort.

Each cohort was separately balanced via propensity score stratification, and the stratified weight was adjusted for in the proportional hazards analysis. Abbreviations:

CVD—cardiovascular disease; VTE—venous thromboembolism; ICU-intensive care unit; NA—not assessed.

https://doi.org/10.1371/journal.pone.0261786.t003

early studies focused on inpatient populations with COVID-19. To our knowledge, ours is the
first and largest cohort study to quantify the independent thromboembolic risk of COVID-19
compared with influenza after adjusting broadly for baseline cohort characteristics in a largely
outpatient cohort.

In contrast to prior data, we did not find elevated arterial thromboembolic risk among
patients with a diagnosis of COVID-19 compared to those with influenza after accounting for
differences in baseline clinical status. These findings may have important implications for the
natural history and prognosis of COVID-19. Arterial thromboembolic events such as MI and
ischemic stroke are associated with poor outcomes and contribute substantially to worldwide
morbidity and mortality [23]; given their clinical risks, early reports of elevated arterial event
rates served as a key impetus to explore the role of antithrombotic therapy in COVID-19 man-
agement. Our work now indicates an urgent need for robust prospective data to validate the
present findings and thus, refine our understanding of the need for aggressive antithrombotic
therapy. Indeed, our findings of no elevated risk of arterial thrombosis in COVID-19 are con-
sistent with the results of a recent randomized clinical trial that found no evidence of thrombo-
sis reduction benefit with intermediate dose prophylactic anticoagulation compared with
standard dose prophylactic anticoagulation in patients with COVID-19 admitted to the inten-
sive care unit (ICU) [4]. Similarly, a randomized trial of critically ill patients with COVID-19
who were assigned to initial therapeutic dose anticoagulation with heparin versus usual phar-
macologic thromboprophylaxis was stopped after meeting the trial’s pre-specified criterion for
futility [7]. In addition, an exploratory analysis in our study by prior CVD history suggested
that patients without prior CVD experienced higher arterial risk with a diagnosis of COVID-
19 compared with influenza. Together, these data lay the foundation to clarify the precise
nature of the arterial thromboembolic risk of COVID-19. Especially given a contemporary rise
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in COVID-19 cases in 2021, addressing this knowledge gap is necessary to develop appropriate
thromboprophylaxis strategies for management, and thus, it was a focus for the COVID-19
Evidence Accelerator convened by the Reagan-Udall Foundation for the US FDA.

Our findings validate prior literature supporting elevated venous thromboembolic risk in
patients with COVID-19 compared with influenza. These findings support close monitoring
for venous events after a diagnosis of COVID-19, as well as the use of strategies to mitigate
venous risk including nonpharmacological and pharmacologic prophylaxis [24]. Prior history
of VTE may affect this risk, as an exploratory analysis suggested elevated risk in those without
prior VTE, but not those with prior VTE. Prospective validation of these findings is warranted.

Our study has additional strengths. We employed a large cohort and linked EHR and claims
data to comprehensively capture patient variables and outcomes. To eliminate the possibility
of concomitant COVID-19 infection, we selected the comparison cohort of influenza patients
from the 2018 influenza season. We adjusted broadly for baseline characteristics with propen-
sity scores to account for cohort differences. We assessed a range of secondary outcomes
including individual arterial and venous events as well as composite outcomes. For DVTs,
which may be treated in the emergency department setting without hospitalization, we
included DVT diagnoses from the ED setting in our outcomes. We performed sensitivity anal-
yses including across care settings (inpatient versus outpatient care), which demonstrated con-
sistent findings.

Our study should be interpreted in the context of certain limitations. Participant-level race/
ethnicity data were unavailable, preventing assessment of diverse patient representation and
generalizability. Our cohort, although large, may not reflect populations across the United Sta-
tus. As is inherent to observational data, unmeasured confounding may be present despite
efforts to account for baseline characteristics. However, we aimed to characterize the potential
impact of unmeasured confounding in an E-value analysis as shown in the S1 File. Death
information was unavailable, so we were unable to directly treat death as a censoring event.
However, we included the end of an individual’s claims record (i.e., the last day of a recorded
claim or the last day of insurance enrollment) as a censoring event for follow-up—which
should typically precede a death event—to minimize the possibility of missing a death event in
an included patient.

In conclusion, in a large retrospective cohort linking EHR and claims data of over 750,000
patients, we found that COVID-19 was independently associated with higher 90-day risk for
venous thrombosis, but not arterial thrombosis, compared with influenza. Our work warrants
expedited prospective validation to help clarify the precise nature of arterial and venous
thromboembolic risks in COVID-19 and thus, the role of thromboprophylaxis in COVID-19
management.
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