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Abstract

Pulmonary thromboembolic events have been linked to coronavirus disease 2019
(COVID-19), but their incidence and long-term sequelae remain unclear. We
performed a systematic literature review to investigate the incidence of
pulmonary embolism (PE), microthrombi, thrombosis in situ (thromboinflam-
matory disease), and chronic thromboembolic pulmonary hypertension (CTEPH)
during and after COVID-19. PubMed and the World Health Organization Global
Research Database were searched on May 7, 2021. Hospital cohort and database
studies reporting data for 21000 patients and autopsy studies reporting data for
220 patients were included. Results were summarized descriptively. We screened
1438 records and included 41 references (32 hospital/database studies and 9
autopsy studies). The hospital/database studies reported the incidence of PE but
not CTEPH, microthrombi, or thromboinflammatory disease. PE incidence varied
widely (0%-1.1% of outpatients, 0.9%-8.2% of hospitalized patients, and
1.8%-18.9% of patients in intensive care). One study reported PE events occurring
within 45 days after hospital discharge (incidence in discharged patients: 0.2%).
Segmental arteries were generally the most common location for PE. In autopsy
studies, PE, thromboinflammatory disease, and microthrombi were reported in
6%-23%, 43%-100%, and 45%-84% of deceased patients, respectively. Overall, the
included studies mostly focused on PE during the acute phase of COVID-19. The
results demonstrate the challenges of identifying and characterizing vascular
abnormalities using current protocols (e.g., visual computed tomography reads).
Further research is needed to detect subtle pulmonary vascular abnormalities,
distinguish thromboinflammatory disease from PE, optimize treatment, and
assess the incidence of long-term sequelae after COVID-19.
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INTRODUCTION

There is considerable evidence of a link between
coronavirus disease 2019 (COVID-19) and thromboem-
bolic events (TE), but the incidence of TE in COVID-19
remains unclear due to wide-ranging study results.'
Pulmonary TE may take the form of in situ thrombosis
(due to a thromboinflammatory state in the pulmonary
vasculature) rather than acute pulmonary embolism (PE)
in many patients, which may have implications for
treatment.”> Emerging evidence indicates that pulmo-
nary vascular sequelae of COVID-19 are not restricted to
the acute phase of the disease,* but the nature and scale
of long-term cardiopulmonary sequelae remain unclear.
The true impact of TE on long-term prognosis in
survivors of COVID-19 remains unknown and is difficult
to predict without a clear understanding of the incidence
of TE and long-term sequelae.

We, therefore, performed a systematic literature
review (SLR) to investigate the incidence of PE,
microthrombi, and thrombosis in situ (thromboin-
flammatory disease) in large-scale studies of adult
patients with COVID-19. In addition, evidence was
sought describing the rate of clot resolution after
COVID-19-associated PE and the incidence of chronic
thromboembolic pulmonary hypertension (CTEPH) in
COVID-19 survivors.

METHODS
Data sources and search strategy

Electronic database searches were conducted on May 7,
2021 using PubMed and the World Health Organization
(WHO) COVID-19 Global Research Database. The
searches were designed to capture studies reporting the
incidence of pulmonary TE in patients with COVID-19.
Search terms are described in Supporting Information:
Tables 1 and 2.

Screening

Search results were combined, and duplicates were
removed using EndNote (Clarivate Analytics). Titles
and abstracts were screened by a single reviewer to
assess the potential relevance of the study according to
prespecified eligibility criteria. For potentially relevant
citations, full-text articles were obtained and reviewed to
confirm inclusion in the SLR. Incidence data were
extracted into predefined tables by a single reviewer
and checked by a second reviewer.

Eligibility criteria

Inclusion and exclusion criteria are described in Support-
ing Information: Table 3. Both retrospective and pro-
spective studies were included, with data from the
control arms of comparative studies of treatment efficacy
or effectiveness also considered for inclusion. Uncon-
trolled studies of interventions not representing standard
of care (at the time of the study) were not included.

Size thresholds were used to limit the review to the
largest relevant studies. For studies in hospital cohorts
and databases, a sample size of at least 1000 patients
was required to select the studies providing the most
robust incidence estimates. For autopsy studies,
sample sizes were considered to be adequate if at least
35 patients were included (providing 95% confidence of
prevalence estimates with a 10% margin of error and a
10% assumed prevalence).>® However, because the
number of large autopsy studies was limited, those
with data for at least 20 patients were included in the
review. Autopsy studies with 20-34 patients were
marked as having an inadequate sample size in the
quality assessment checklist and estimates of the
prevalence of TE in these studies should be treated
with caution.

Quality assessment

Study quality was assessed using a modified version of
the Joanna Briggs Institute Checklist for prevalence
studies (items 5 and 9, addressing coverage bias and
response rate, respectively, were removed as they were
not considered relevant to the present SLR).°

RESULTS
Search results

The SLR process is shown in Figure 1. In total, 1692
records were identified; after removal of duplicates, 1438
were screened, and full-text versions of 304 were assessed
for eligibility. The final review included 41 references:
hospital cohort and database studies and nine autopsy
studies.”™’

Quality assessment results
Quality assessment results are shown in Supporting

Information: Tables 4 and 5. The quality of the included
hospital cohort and database studies was generally
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FIGURE 1
literature review; WHO, World Health Organization.

moderate, with the most common issues being limited
description of the overall population and, as expected for
such studies, only a subset of patients having imaging
results. The included autopsy studies were of generally
good quality.

Summary of hospital cohort and database
studies

In total, 32 hospital cohort and database studies with
follow-up ranging from 6.8 days (median duration of
hospitalization) to 198 days (maximum follow-up period
for patients in hospital at the end of the enrollment
period) were included in the literature review
(Table 1).”7°® Of these, 26 studies described analyses of
hospital (or multi-hospital) records, and included out-
patients (three studies),* '° patients treated in emergency
departments (EDs; two studies)'"'? and patients treated
in hospital (22 studies)®'®*7*%; six studies described
cohorts treated in ICU.'%'>17:2%2632 A gingle study
followed patients discharged after hospitalization for
COVID-19.

Six studies described analyses of large health data-
bases®>>3%; of these, three studies described exclu-
sively hospitalized cohorts,*>> and three described all
COVID-19-positive patients in the databases.*® **

PRISMA flow diagram. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; SLR, systematic

Most of the included studies described populations
with COVID-19 during the first wave of infection, with
data collected up to July 2020 (most commonly
March-April 2020). A single study compared patients
treated in hospital in March-April 2020 with those
treated in December 2020-January 2021.*

The only relevant outcome of interest for this study
that was reported in the included studies was PE. No
hospital studies suitable for inclusion were identified
that described CTEPH, endothelial damage, micro-
thrombi, or thrombosis in situ; in addition, no
imaging-based diagnostic standard for in situ throm-
bosis was identified.

Overall incidence of PE

Across the included studies, PE was reported by a
median of 0.4% of outpatients,” >3 2.3% of patients
admitted to hospital >!*1371018723:253537 and 7.3% of
patients treated in ICU">'7**2%32 (Figure 2a). In analyses
of patients who all underwent CTPA, PE was reported by
a median of 34.2% of outpatients treated in ED,""'* 8.3%
of previously discharged outpatients (in a single study),’”
18.5% of hospitalized patients,”'*'®227:2%31 23 19 of
hospitalized non-ICU patients,®'®?*** and 44.9% of
patients treated in ICU®'®?*3? (Figure 2b).
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PE in outpatients

A total of four studies assessed PE among all recorded
COVID-19 cases within a healthcare system. Cho et al.
found 26 cases of PE among 7237 patients with a positive
COVID-19 test in South Korea (0.36%).>° In Denmark, 28
patients with PE were identified among 9460 positive
cases (0.30%; 16 cases occurred among 1540 hospitalized
patients [1.0%]).>” Lee et al. reported an analysis of a
combined total of 3727 COVID-19-positive patients
across inpatient and outpatient settings in a US regional
healthcare system: in total, 86 patients required CTPA,
and 13 had PE (0.35%).” Similarly, Ray et al. found a total
of 33 cases of PE among the 6991 patients with a positive
COVID-19 test in Ontario, Canada (0.47%).*®

Two further studies of hospital outpatients found
rates of PE of 0% (0 of 715) and 1.1% (23 of 2003) in the
USA and France, respectively.®'°

Miré et al. (2020 and 2021) reported two studies of PE
among patients with COVID-19 who attended hospital
EDs but were not necessarily admitted.'""'* Across eight
EDs in France and Spain, 59 of 8880 patients were
diagnosed with PE (0.66%); there was considerable
variation, with incidence ranging from 0.07% to 2.9%
across EDs.'! In a larger study in 50 Spanish EDs, 353 of
63,822 patients had PE (0.55%)."*

PE in hospitalized patients

Esenwa et al. described a study of patients admitted to
three US hospitals: 62 of 4299 patients were diagnosed
with PE (1.4%); the incidence of PE ranged from 0.8% in
Asian patients to 1.6% in Hispanic patients.'® In a further
US multi-hospital system, 101 of 10,871 patients (0.93%)
were diagnosed with PE within 8 h of admission.*

Three database studies reviewed all hospitalized
patients within a healthcare system. Piroth et al. found
that in France, 3.4% of patients admitted to hospital with
COVID-19 in March and April 2020 (n =89,530) had a
diagnosis code for PE.>* Similarly, Cates et al. found that
2.8% of the 3948 COVID-19-positive admissions in
March-May 2020 in the US Veterans Health Administra-
tion database had PE.** Aktaa et al. investigated UK
hospital admissions for TE: the incidence of PE among
admitted patients with COVID-19 was 886 per 100,000
admissions (0.89%) **

[Opon Accoss:

Most other analyses of hospitalized patients (17 of 20)
identified in our literature search reported the incidence of
PE to range ﬁ.om 1.0% to 3‘6%.10,13—16,18,20,21,23,25—28,31,32,37
Three studies found higher rates, of 5.7%-8.2%; this may
reflect the possible inclusion of ICU patients, who were not
reported separately.®**>°

PE in patients treated in ICU

The COVID-ICU group found that in 149 ICU depart-
ments in 138 centers in France, Belgium, and Switzer-
land, 350 of 4224 patients (8.3%) had PE, including 207 of
2233 (9.3%) of those requiring mechanical ventilation."’
By contrast, Gupta et al. reported only 51 PE events
among 2215 patients (2.3%) treated in US hospital ICU
departments.®® Smaller ICU studies reported varying
rates of PE, ranging from 1.8% in another US study to
18.9% in a European registry study.'®'>2%32

Comparison between pandemic waves

Tsakok et al. compared COVID-19-positive patients
admitted to a UK hospital in December 2020-January
2021 with those hospitalized in March-April 2020.*"
Overall, the proportion of patients with PE was similar
in the two waves (2.3% in 2020 and 2.2% in 2021). In
the subset of patients who underwent CTPA, the
proportion who had PE was lower in the second wave
than in the first—this may suggest increased aware-
ness of the risk of thromboembolism and a lower
threshold for CTPA examination. The proportion of
CTPA requests originating from ICU decreased from
10% in the first wave to 3% in the second wave,
whereas the proportion originating from the respira-
tory high-dependency unit increased from 7% in the
first wave to 16% in the second wave.’"

Location of PE

The locations of PEs were described in eight studies
(Figure 3).%'31020-27-2932 I general, segmental arteries
were the most common location for PE, although one
study found that more than half of patients had lobar or
proximal emboli.?® Bilateral PE was frequent, with two

FIGURE 2

Incidence of PE among (a) all patients; (b) patients who underwent CTPA. The outpatient/overall population group in Fang

et al. was excluded because a majority of patients were hospitalized. Where separate hospitalized and ICU cohorts are not shown, data for
hospitalized patients may include those treated in ICU. ED, emergency department; ICU, intensive care unit; IQR, interquartile range;

PE, pulmonary embolism.
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Location of PE. n =43 for Whyte et al. refers to unilateral PE only; a further 37 events of 80 in total were bilateral with

location not reported. n =40 for Fang et al. refers to unilateral PE only; a further 1 event of 41 in total was bilateral with location not
reported. Cross-hatched columns represent reporting of combined categories (e.g., segmental or subsegmental). PE, pulmonary embolism.

studies reporting that the majority of patients with PE
had bilateral emboli.**’ Three studies found PE in
subsegmental arteries—which may represent in situ
thrombosis—in around 30% of events.'***3?

Risk factors for development of PE

A total of eight studies reported risk factors for the
development of PE, or significant differences between
groups of patients with and without PE
(Table 2).%1316:20.21:29.3032 gionificant risk factors for PE
included male sex, older age, and mechanical ventilation,
as well as higher C-reactive protein and p-dimer levels.

Outcomes of patients with PE

Clinical outcomes (hospital events and mortality) ass-
ociated with PE were described in 10 studies
(Table 3).!%1>17:20:21,23.24.27°29 1ny qtyydies that compared
outcomes between patients with and without PE, those
with PE were more likely to be admitted to ICU***! and
to require mechanical ventilation,'**"* and had longer
median hospital stays.'*?° However, only one of six
studies found patients with PE to have statistically
significantly higher mortality than those without."”

Events after initial hospital treatment

A single study reported PE events occurring after initial
hospital treatment and discharge.” A cohort of patients
(n=1529) discharged from three hospitals in Iran after
hospitalization for COVID-19 were followed prospec-
tively for 45 days. A total of 52 patients were evaluated
for suspicion of thromboembolism, and one was diag-
nosed with PE. A further two patients died during the
follow-up period, with PE given as the likely cause of
death; overall, the incidence of definite or likely PE
among discharged patients was 0.2%.”

TE in autopsy studies

In total, nine autopsy studies were included in the
literature review (Table 4).>™*’ Of these, six reported
data on PEj***%47 geven described pulmonary
thrombi or microthrombi,***>***’ and four reported
endothelial damage.**~***°

The results of the autopsy studies are summarized in
Figure 4. PE was reported in 6%-23% of deceased
patients.**"***4>47 QOther TE were more common.
Thrombosis in situ—described as large thrombi, pulmo-
nary artery thrombosis, or thrombi in small intra-acinar
branches of the pulmonary artery—was found in
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TABLE 2 Significant risk factors for PE
Study
Significant differences between groups with and without PE

Benito et al. (2020) (Spain)** .

Risk factors for PE

Age 260 years (75% vs. 50%); p = 0.028

« p-dimer level at admission 21000 ng/ml (81% vs. 52%); p = 0.009

« C-reactive protein at admission =150 mg/L (75% vs. 32%); p < 0.001

Bunel et al. (2021) (France)'®
Fang et al. (2020) (UK)* .
Whyte et al. (2020) (UK)** .

Active malignancy (13% vs. 1.5%); p = 0.004
Age (median 62 years vs. 57 years); p = 0.044

Signs or symptoms of DVT (11% vs. 1%); p = 0.0017

« p-dimer level (median 8000 ng/ml vs. 2060 ng/ml); p < 0.001

« C-reactive protein level (median 124.2 ng/L vs. 85.7 ng/L); p = 0.003

Risk analysis

Fauvel et al. (2020) (France)**

Multivariable analysis OR (95% CI):

« Male sex, 1.03 (1.003-1.069); p = 0.04

» Time from symptom onset to hospitalization (per 5 days), 1.02
(1.006-1.038); p = 0.002

« C-reactive protein (per 1 SD; 77 units), 1.03 (1.01-1.04); p = 0.001

« Prophylactic anticoagulation during hospitalization, 0.83 (0.79-0.85); p < 0.001

« Therapeutic anticoagulation before hospitalization, 0.87 (0.82-0.92); p < 0.001

Grillet et al. (2020) (France)®

Multivariable analysis OR (95% CI):

« Mechanical ventilation, 3.76 (1.02-14.6); p = 0.049

» Male sex, 6.55 (1.51-42.2); p = 0.026

Planquette et al. (2021) (France)® OR (95% CI):

« Mechanical ventilation, 2.79 (1.33-5.84)

« p-dimer before CTPA assessment > 2605 mg/ml, 5.11 (1.90-13.76)

Spiegelenberg et al. (2021) (Netherlands)* RR (95% CI):

« Prior use of therapeutic anticoagulation in total cohort, 0.13 (0.03-0.53)

« Prior use of therapeutic anticoagulation in PS-matched cohort, 0.19 (0.05-0.80)

Abbreviations: BMI, body mass index; CI, confidence interval; CTPA, computed tomography pulmonary angiogram; IQR, interquartile range; OR, odds ratio;

PE, pulmonary embolism; PS, propensity score; SD, standard deviation.

43%-100% of patients.*****” Microthrombi and alveolar
capillary microthrombi—reported to be fibrinous and to
affect small arteries, arterioles, and capillaries—were
seen in 45%-91% of samples.******° For example,
Borczuk et al. described microthrombi containing fibrin
and platelets and found in small arteries (< 1.0 mm) in
lungs from 57 of 68 patients (84%).*

Bryce et al. reported intravascular fibrin thrombi
within small arteries or arterioles, with platelet aggre-
gates or thrombi in small arteries, arterioles, and
capillaries in 91% of samples on which CD61 stains were
performed.*!

Four of the included studies also described pulmo-
nary endothelial damage.**"*>*® Borczuk et al. reported
that vascular injury without prominent diffuse alveolar
damage was observed in 11 of 68 patients (16%).*
Similarly, Bryce et al. described capillary proliferation
with inflammation and injury resembling endotheliitis in
the lungs of 19 of 99 deceased patients with COVID-19
(19%).*' Carsana et al. reported endothelial necrosis in
the lungs of 29 of 38 deceased patients with COVID-19
(76%).** In addition, Prieto-Pérez et al. described
endothelial damage visible with electron microscopy,
but this was performed only for two samples.*
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TABLE 3 Hospital events and mortality among patients with PE

Study Hospital events

Mortality

Event

Benito et al. (2020) (Spain)'® ICU admission 15/32 (47%)

MV 14/32 (44%)
Hospital stay,
median (IQR)

Bilaloglu et al. (2020) - -
(USA)*®

COVID-ICU group (2021) - -
(France, Belgium, and
Switzerland)*’

Fang et al. (2020) (UK)* - 6/41 (15%)

Fauvel et al. (2020) ICU admission

(France)?!

MV 25/103 (24.3%)

Gonzalez-Fajardo et al. - -
(2021) (Spain)*

Gupta et al. (2020) (USA)** - -

Monfardini et al. (2020) - -
(Ttaly)*”

Nordberg et al. (2021) - -
(Sweden)*®

Planquette et al. (2021) MV
(France)®

25/59 (42.4%)

Hospital stay,
median (IQR)?

Patients with PE

15.5 (9.8) days

32/103 (31.1%)

12 (3-18) days

Patients

Patients with PE without PE

3/32 (9%)

Patients without PE
10/44 (23%); p = 0.027 5/44 (11%)
8/44 (18%); p=0.015 - -

7 (11) days; p=0.010 - -

. Ward, 7/54 (13%) Ward, 282/2216

(12.7%)

- ICU, 33/52 (63%) ICU, 305/585
(52.1%)*

- 135/350 (38.6%)°  1163/3874
(30.0%)°

5/52 (10%)° - -

153/1137 (13.5%);
p <0.001

9/103 (8.7%) 142/1137 (12.5%)

83/1137 (7.3%); - -
p <0.001

. 7/58 (12%) .

- 19/51 (37%) -
. 10/26 (38%) =

- 10/41 (24%) -
25/118 (21.2%)

12/59 (20.3%) 19/118 (16.1%)°

8 (2-15) days® - -

Abbreviations: ICU, intensive care unit; IQR, interquartile range; MV, mechanical ventilation; PE, pulmonary embolism; SD, standard deviation.

#Patients with no thrombotic events.

At Day 90; calculated; study reports PE to be significantly more common in patients who had died after 90 days than in those who were alive (10.4% vs. 7.3%;

p <0.001).
“Patients who underwent CTPA.

9IQR reported as width of range. p values are shown where statistically significant differences are reported.

DISCUSSION

The incidence of PE varied widely across the studies
included in this SLR. This variation is likely to reflect the
heterogeneity of the included studies and the conditions
in which they were conducted, mainly during the early
stages of the pandemic in which healthcare systems were
strained and CTPA was not always routinely used.
Among large studies of the incidence of TE, PE was the
only event of interest reported, with no data identified on
other events of interest for the current SLR (CTEPH,

endothelial damage, microthrombi, and peripheral/small
artery thrombosis) and limited reporting of long-term
events occurring after hospital treatment. In contrast
to the results of the cohort and database studies, the
majority of studies describing autopsies of patients with
COVID-19 reported thrombosis in situ and microthrombi,
with several studies also reporting pulmonary endothelial
damage. Together, these findings suggest that the broader
picture of thrombosis in COVID-19 is not yet clearly
understood, with a focus on the acute phase of the disease
but less clarity on the mechanisms underlying the initial
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FIGURE 4 Thromboembolic events in autopsy studies. Thrombosis in situ: Borczuk et al., large thrombi (diffuse in 22 cases, focal in 7);
Bryce et al., intravascular fibrin thrombi within small arteries or arterioles (in addition, 21 of 23 samples on which CD61 stains were
performed had platelet aggregates and/or thrombi in small arteries, arterioles, and capillaries); Mauad et al., thrombi in small intra-acinar
branches of pulmonary artery; Skok et al., pulmonary artery thrombosis. Microthrombi: Borczuk et al., diffuse in 44 cases, focal in 13;
Carsana et al., platelet-fibrin thrombi in small arterial vessels (<1 mm); Mauad et al., thrombi in alveolar capillaries. PE, pulmonary

embolism.

dysfunction or on the potential downstream sequelae,
both of PE and of other vascular dysfunctions.

As demonstrated by Tsakok et al.,*’ PE has
remained common in patients with COVID-19 despite
advances in therapy. The Dutch COVID and Throm-
bosis Coalition showed a similar pattern for overall
thrombotic complications in patients with COVID-19:
the risk of thrombotic complications was comparably
high in the second and first waves of the pandemic
(with PE being the most frequent thrombotic compli-
cation in both waves), although overall mortality was
reduced by 47% in the second wave.*® Thus, thrombotic
complications (particularly in the lungs) remain an
ongoing challenge in COVID-19. Tsakok et al. found a
reduced rate of CTPA requests from ICU in the second
wave, reflecting a change in practice (most patients
with COVID-19 were managed on respiratory high-
dependency units in the second wave).*! The Dutch
COVID and Thrombosis Coalition found that the risk
of thrombotic complications decreased in ICU but
increased in the ward in the second wave. This may
reflect a lower threshold for diagnostic testing in the
second wave, resulting in earlier diagnosis of throm-
botic complications (before patients were transferred
to ICU from the ward).*®

The reported location of PE in the studies included in
our systematic review was often segmental or subseg-
mental. It has been suggested that PE limited to the
subsegmental arteries would represent in situ thrombosis
caused by thromboinflammatory disease;>*’ this would
be consistent with autopsy findings,” but there is
otherwise little supporting evidence to date. A study of
patients with severe COVID-19 pneumonia requiring
extracorporeal membrane oxygenation found concordant
distribution of pulmonary arterial thrombosis and wedge
parenchymal perfusion defects in only 30% of cases,
suggesting the presence of separate pathophysiologic
processes for micro- and macrovascular disease."”
In-depth studies are needed to confirm the mechanisms
underlying pulmonary vascular dysfunction and throm-
boinflammatory disease, to understand the association
of pulmonary thromboinflammatory disease with
COVID-19 and other pulmonary diseases/infections,
and to ascertain the optimal prevention of and treatment
for pulmonary thromboinflammatory disease. Of note,
one of the potential explanations for the incon-
sistent findings of large thromboprophylaxis randomized
trials in hospitalized patients with COVID-19 is the
impossibility of differentiating “conventional thrombo-
embolism” from in situ immunothrombosis as an
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outcome measure. Therefore, another key issue to be
addressed by future research is the differentiation of
pulmonary thromboinflammatory disease from thrombo-
embolic disease based on clinical and/or imaging data.
From an imaging perspective, this is technically very
challenging in small vessels where there is very little to
differentiate the two phenomena. Biomarkers may
therefore play a role alongside imaging data, in particular
perfusion studies.

Although the studies included in this systematic review
mostly focused on acute thromboembolic complications of
COVID-19, evidence is emerging of longer-term pulmonary
vascular sequelae. For example, the single study with long-
term follow-up in our systematic review reported cases of
PE occurring after initial hospital treatment and discharge.”
Consistent with this, a self-controlled study of the Scottish
general population has found that while the likelihood of
thromboembolism was highest in the 7 days following a
positive test, the risk remained significantly elevated
8 weeks later.”’ Similarly, a recent study using the US
Veterans Affairs health databases showed an increased risk
of PE beyond the first 30 days after a positive COVID-19
test compared with contemporary and historical controls.>
Another USA-based study showed an increased risk of PE
and pulmonary hypertension beyond the acute phase of
COVID-19 infection, compared with contemporary and
historical controls.” In a recent self-controlled case series
analysis using Swedish national registry data, the incidence
rate ratio for PE remained elevated during Days 91-180
after COVID-19. The different designs of these studies
illustrate the challenge of selecting an appropriate control
group: the self-controlled design may limit generalizability
whereas the use of contemporary and historical controls
may cause confounding.

It has been suggested that patients with COVID-19
are at risk of developing various forms of pulmonary
hypertension,”>* including CTEPH, which is a well-
known long-term complication of acute PE.>> Notably,
reports of CTEPH following COVID-19 were not found in
the SLR, potentially due to insufficient follow-up time.
The absence of such reports to date is not conclusive: in
patients without COVID-19, the interval between acute
PE and subsequent development of CTEPH can range
from months to several years.’®” Incomplete thrombus
resolution has been reported in a subset of patients with
COVID-19 and PE.>®%° Therefore, cases of CTEPH
following COVID-19-associated acute PE may yet
emerge.®" Consistent with this, a report from the USA
found more diagnoses of pulmonary hypertension than
expected among COVID-19 survivors.> It, therefore,
remains possible that an increased incidence of CTEPH
may be an important long-term consequence of wide-
spread COVID-19 infection. The incidence of CTEPH

on Access

following COVID-19-associated pulmonary TE should be
investigated in long-term follow-up studies.®*

In the United Kingdom, the rate of CTEPH referrals
has actually fallen during the pandemic. However, a
recent report has suggested that the decline in referral
rate is due to the varied impacts of the pandemic on the
healthcare system itself, including limited access to
diagnostics and reductions in hospital follow-up appoint-
ments, and that hundreds of CTEPH cases may have
been undiagnosed.®®

CTEPH work-up requires either access to nuclear
medicine facilities for ventilation/perfusion scanning, a
dedicated cardiothoracic radiologist who can confidently
make diagnoses on the basis of CTPA alone, or cardio-
pulmonary magnetic resonance imaging (MRI), depend-
ing on local practice.”**> If the normal incidence of
CTEPH following PE holds for PE caused by COVID-19, it
will be a huge challenge to optimally manage the number
of CTEPH cases to be expected following the pandemic,
within the existing capacity of healthcare systems,
particularly in developing countries. Simple noninvasive
diagnostic algorithms (e.g., “CTEPH rule-out criteria”
based on ECG characteristics and levels of N-terminal pro-
brain natriuretic peptide®®°®) and artificial intelligence
(AD)-based algorithms may help to reduce the burden
on healthcare systems. Studies are needed to develop
Al-based algorithms for the identification of patients with
COVID-19 who have additional acute/chronic pulmonary
vascular conditions, and for the prediction of treatment
outcomes. This will require the use of large, machine-
readable databases of imaging/clinical data such as that
generated by the Radiological Cooperative Network
(RACOON) project in Germany.*

Studies included in the SLR showed little standard-
ization of TE reporting (location, definition, etc.) and a
low rate of detection of vasculopathy during the acute
phase of COVID-19 infection. Combined with the
emerging data showing elevated long-term risks of
pulmonary vascular sequelae after COVID-19,*°*>° these
findings suggest that the current approach used to
identify vascular abnormalities (visual assessment by a
single radiologist) is not sufficient to reliably detect
pulmonary vascular disease that might have an impor-
tant chronic component.”® Several studies have demon-
strated the potential of CT scans for the prediction or
early detection of CTEPH.”””"* However, those studies
did not focus on patients with COVID-19, for whom
microvascular disease may have a predictive role. As
discussed by Weir-McCall et al., microvascular disease
may result in subtle hypoperfusion which could be
missed by visual assessment of contrast-enhanced CT.*
Early identification of patients at risk of developing long-
term pulmonary sequelae will require the use of sensitive
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tools to detect subtle morphological abnormalities and to
quantify changes over time. Such tools may include dual-
energy CT (DECT)”>’° and hyperpolarized xenon 129
MRIL”7 Patel et al. used DECT to assess pulmonary
perfusion in patients with severe COVID-19 pneumonia,
and detected perfusion abnormalities in all patients with
assessable lobes.”® In a study of nine patients who had
been previously hospitalized for COVID-19 and who
were evaluated at least 3 months after discharge,
hyperpolarized xenon 129 MRI showed alveolar-
capillary diffusion limitation in all cases, despite normal
or nearly normal results at CT.”

Automated quantitative imaging methods may also
help to ease the burden of CTEPH work-up. For example,
Rahaghi et al. have quantified vascular changes associ-
ated with CTEPH by generating three-dimensional
reconstructions of the intraparenchymal vasculature
from CT images.”® In other studies, CT images from
patients with COVID-19 have been used to quantify the
percentage of pulmonary blood volume in vessels with a
cross-sectional area of 1.25-5mm? (BV5%); BV5% was
found to be lower in patients with COVID-19 than in
healthy controls and patients with ARDS, and was
associated with death and intubation.”®®!

This SLR has some limitations. First, the heterogene-
ity of the included studies makes interpreting the data on
the incidence of TE challenging. Second, most of the
studies did not perform routine CTPA (reasons for this
are likely to include hospital system pressure and
infection control considerations), suggesting probable
underdiagnosis—data for overall populations are there-
fore likely to be subject to significant confounding and
should be treated with caution. Third, while the focus of
this article has been on the pulmonary vasculature, the
long-term pulmonary sequelae of COVID-19 may also
have parenchymal and airway components. The relative
contributions of these three components and their
interactions are not yet known. Fourth, the majority of
the included studies were conducted in the first half of
2020 when vaccines and antiviral therapies were not yet
available. It is unknown how the major changes in the
general management of COVID-19 as well as updated
thromboprophylaxis strategies have influenced the rate
and outcome of COVID-19 pulmonary vascular compli-
cations; the two studies described above that compared
the first and second waves found that PE remained
common in the second wave, but would not have
captured the impact of widespread vaccination and use
of antiviral treatments or differences in the incidence of
TE among more recent SARS-CoV-2 variants. Other
limitations of this SLR include its restriction to English-
language papers (which may mean some relevant studies
published in other languages were missed) and its use of

BOX 1

Key objectives for future research—authors' proposals

+ To standardize the assessment and reporting of
pulmonary vascular manifestations and sequelae of
COVID-19

« To evaluate the potential of new imaging tools to
detect subtle morphological abnormalities in the
pulmonary vasculature, differentiate pulmonary
thromboinflammatory disease from
thromboembolic disease and quantify changes
over time

+ To develop and validate artificial intelligence models
for the identification of pulmonary vascular
manifestations and sequelae of COVID-19 and the
prediction of treatment outcomes

« To understand the mechanism and optimize the
treatment of COVID-19-associated pulmonary
thromboinflammatory disease

« To assess the incidence of chronic thromboembolic
pulmonary hypertension during long-term follow-up
after COVID-19

size thresholds: the large number of potentially relevant
studies meant that only the largest studies were
reviewed, which may mean that smaller studies focusing
on TE other than PE were missed.

CONCLUSION

Pulmonary thromboembolic complications of COVID-19
have posed a continuing challenge throughout the first
and following waves of the pandemic. Although much of
current literature has focused on the acute phase of
COVID-19, it has become clear that patients remain at
increased risk of thromboembolic complications such as
PE for a substantial period of time following the initial
infection. Therefore, it may be considered to perform
adequate imaging studies of the chest in patients with
new or persistent respiratory symptoms following the
acute phase of COVID-19 to rule out the presence of
acute or chronic PE or pulmonary thromboinflammatory
disease. The authors propose several key objectives for
future research (Box 1).
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